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This final technical report describes the development of a new high-speed

In0 .53 Ga0 .4 7 As/InP Schottky barrier photodetector operating in the infrared %

regime for millimeter-wave optical fiber communications supported by US Air

Force RADC under contract No. F30602-81-C-0202 subcontracted through the

University of South Florida.

The objective of this research program is to develop a high-speed long

wavelength (1.30-1.55 um) Ino 5 3Ga0 .4 7 As/InP Schottky barrier photodetector

capable of detecting the optical signals up to 20 GHz for millimeter-wave fiber

optical links. For this purpose we have developed a novel high-speed

In 0 5 3 Ga0 4 7 As/InP Schottky barrier photodiode using Au/p+-n-InGaAs/n+-InP and

Au/p-InGaAs/p+-InP structure. The results show that Au/p-InGaAs/p+-InP Schottky

barrier photodiode is a promising candidate for high frequency and high-speed

photodetector applications, while Au/p+-n-InGaAs/n+-InP Schottky 
barrier -.9

photodiode needs more study to obtain a good reproducibility of the barrier

height enhancement in spite of its promising potential.

The Au/p-InGaAs/p+-InP Schottky barrier photodiode has a responsivity of

0.43 A/W and a quantum efficiency of 40.5 % at 1.3 um without antireflection

coating. The impulse response measurement on this photodiode yields a risetime

of 85 p. and an FWHM of 490 ps. However, the measured RC time constant is 34.7

ps, which corresponds to a cutoff frequency of 28.8 GHz. Therefore, it is

obvious that the response speed of our photodiodes can be further improved by 1:1
optimizing the device parameters and minimizing the packaging parasitics. The '

response speed can also be increased by fabricating our photodetector. on the

semi-insulating substrate. Packaging optimization and fabrication of new InGaAs

Schottky barrier photodiodes on semi-insulating InP substrates are the two main

tasks to be carried out in the renewal contract for the coming year.
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1.1. Dewlopment of A High-Speed Photodetector

The main objective of this research project is to develop a high-speed

photodetector capable of demodulating the optical signals greater than 20 GHz

for millimeter-wave optical fiber links. The high bit-rate fiber optic systems

for long distance lightwave communication require the development of high-speed,

high efficiency, and low noise photodetectors operating in the infrared regime,

especially close to the dispersion minimum of the optical fibers [1-5]. The

high-speed photodiodes have been fabricated mainly on GaAs using a Schottky

barrier structure for 0.80-0.90 um and on In0 53Ga0 4 7As using a p-i-n structure

for 1.30-1.65 urn. The Schottky barrier photodiodes have many advantages such as NN

simplicity of fabrication, reliability, absence of high-temperature diffusion

processes which can degrade the carrier lifetime, and high response speed. For \.

this purpose a high-speed In0 53Ga0 4 7 As Schottky barrier photodiode for 1.30 -

1.65 um detection has been developed in this research project.

Figure 1.1. shows the block diagram of the millimeter-wave optical fiber

links using an electro-optic modulator (EOM). The promising candidates are GaAs

Schottky barrier [6-9], AlGaAs/GaAs or GaAs p-a-n [10,11], In Gal_xAs p-i-n

[12-17], InxGal _xAs Schottky barrier [18-21], avalanche photodiode [22-25], and

photoconductive detector [26-33]. The InGaAs/InP material systems have shown a 0

great potential for use as high-speed optoelectronic device materials because of .

their extremely high electron mobility, high saturation velocity, and good

lattice-match with InP [34-36]. The In0 53Gao 47As is one of the most promising

materials for the long wavelength photodetector applications because its bandgap

can be tailored to the wavelength of 0.95-1.65 urn. To take advantage of these

excellent physical properties, the parasitic RC components and the high power

1•q "S.:-
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consumption in parasitic resistances should be reduced and hence a low specific ,•

contact resistance is required for the photodiode applications. To develop a

high-speed photodetector for millimeter-wave optical fiber communications, the

Schottky barrier structure has been chosen.

Unfortunately, the Schottky barrier contacts on n-In0.53Ga0 .47As yield low
barrier height (@Bn = 0.2-0.3 eV) [37,38], which makes Schottky contacts too

leaky to be useful for photodetector applications. Therefore, the effective .

barrier height needs to be increased to overcome the problem associated with the

low Schottky barrier height. In order to reduce the dark current of the ". , .

photodetector the barrier height enhancement is needed for such applications.

Schottky barrier contacts on a moderately doped p-In0 . 5 3Ga. 4 7 As epilayer are

expected to yield a good barrier height (4Bp = 0.55 eV) when a suitable metal

and good surface preparation are obtained [39,40].

In this research program, high-speed Au/p+-n-ln0 .5 3GaO.4 7As/n +-InP and

Au/p-In0  .Ga As/p+-InP Schottky barrier photodiodes have been developed.

The design goal of the high-speed photodetectors is shown in Table 1.1. The

test results of our photodetectors have shown that a Au/p-InGaAs/p+-InP Schottky

barrier photodiode can be a very promising candidate for high frequency and

high-speed detector applications. In order to familiarize with the state of the

art in photodetector development, a summary of the literature survey on the

high-speed photodetectors is given in Table 1.2.

1.2. Synopsis of Chapters

This final technical report covers research activities on the development

of a novel high-speed InxGai-xAs/InP Schottky barrier photodiode fabricated on

InP conductive substrate for millimeter wave optical fiber links. In chapter

2, a theoretical analysis of the photodiode parameters relating to the general

requirements of photodetectors is reviewed. For device characterization the . ]

microstrip transmission line, on which the photodetector is mounted, has been

3
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designed and fabricated on a Cr-Au metalized alumina substrate.

In Chapter 3, Schottky barrier and ohmic contact formation on III-V

compound semiconductors such as GaAs, In Gal-xAs, and InP is discussed.
In Chapter 4, Au/p+-n-Ino.53Ga I xAS/n+-InP Schottky barrier photodiode operating *-

in the infrared regime is depicted. In Chapter 5, a picosecond response Au/p-

In0.53Gal xAs/p+-InP Schottky barrier photodiode for the infrared detection is

described. Summary and conclusions are presented in -iapter 6. In addition,

subjects for further study are recommended, which include (1) packaging -

optimization, (2) fabrication of photodiode on serr-irslatin_ sutstrate, (3)

photoreceiver module for monolithic optoelectronic 1nteurir, ano 4) high

gain and low noise avalanche photodiode with a quantum-we:. structure. In the V-.-

appendixes, the device fabrication, Schottky barrier anc o rrni contact

formation, lift-off photolithography, and chemical etching procedures includinq

mesa etch and metal etch are depicted.

Table 1.1 DESIGN RE*UIREMENTS FOR A HI(-SPEED PH. ,-"T--".

Millimeter-Wave Frequency 20-27 GHz .hj.

* , 4 -. p%

Modulation Bandwidth 10 % of Center Frequency
-~~~~~~~~~~~% - - - - - - -- - - -- - - ----- - - -

Input/Output Power Level 0 dBm .

Input/Output Impedance 50 ohm

Input Signal Type Analog Signal - ". : '

Optical Source Laser Diode

Quantum Efficiency 50 %

Optical Fiber Type Single-mode

4

. . . . . . . . . . . . . . . . . . . . . . . .*..... -'

.. .. . . . . . ..... ...
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Table 1.2.* Developmmt of Hg-pe htdtectors

Device Type Speed/Efficiency Characteristics Institute References

GaAs f = 20 GHz(l6 PS FWHM) High-Speed Hewlett APL 42(2)
Schottky n = 30 % at 0.60 urm Low Efficiency Packard pp. 190 - .'

Barrier n = 25 % at 0.85 urn Vertical Mesa Lab. Jan. 1983
Photodiode R = 0.15 A/N at 0.60 urn Low Dark Current

R _.1 /W at217.85 urn IEEE IEDM
I=6x10 A/cm at VR=5 V pp. 712

Dec. 1984

GaAs f =100 GHz (5.4 ps FWHM) Ultra High-Speed Hewlett Elec.Lett.
Schottky Minimnum Parasitic Packard 19(14)-
Barrier Capacitance Lab. pp. 554
Photodiode Planar Mesa 1983

GaAs f = 18 GHz High-Speed Hughes APL 45(3)
Schottky n = 70 % at 0.63 urn Low Efficiency Research pp. 195
Barrier n = 35 % at 0.83 urn Lab. Aug. 1984.

Photodiode

InGaAs/InP 35 ps Risetime High-Speed TRW/Electra Elec.Lett.
PIN n =90 % at 1.30 umn High Efficiency Optic 20(5)
Photodiode n =83 % at 1.55 urn Low Dark Current Research pp. 198

Center Mar. 1984

InGaAs/InP n =78 % at 1.0-1.6 urn High Efficiency Japan Conf.Solid
PIN R =0.82 A/N at 1.3 urn Low Dark Current State D&M

pp. 579
1984

InGaAs 60 ps Risetine Low Dark Current AT & T IEEE JQ)E
PIN n = 35 % at 1.30 urn Low Capacitance Bell Lab. 17(2)
Photodiode n = 25 %_ t 1.55 urn pp. 227

I=2x10 A Feb. 1981

InGaAs/InP f =22 GHz Back-Illuminated AT & T Tech. Dig.
PIN Structure Pell Lab. TMPED TKA3
Photodiode Mar. 1985

GaAs f = 20 GHz (19 ps FWHM) High-Speed MIT APL 46(2)
PIN Planar Structure Lincoln pp. 191 .

Photodiode Lab. Jan. 1985 ~ \

AlGaAs/GaAs f = 2.5 to 20 GHz High-Speed Ortel Corp. APL 43(3)
PIN n = 65 % at 0.84 urn High Efficiency & CALTEC pp. 261. 4

Photodiode R = 0.45 A/N 0.84 urn Aug. 1983 .

GalnAs 15 ps Risetime High-Speed TU A Elec. Lett. ~ .
Schottky n =19 % at 1.27 umn GERMrANY 21(5)%.
Photodiode pp. 180

1985

- -- -- ----- - - - ------ - - --- 5



CHAPER MW
1E9ORETICAL ANALYSIS OF PlYC1'IRPARANTES

2.1. Genera Reqir ts for A Photodetector '

The general requirements for a high-speed photodetector include (1) high

quantum efficiency, (2) low dark current, (3) low capacitance and resistance

(for high-speed and low noise), and (4) low excess noise (especially for **:

avalanche photodiode). These requirements for photodetectors are tied to the

particular material requirements which include [12:

(1) Energy bandgap, preferably a direct bandgap with a high absorption

coefficient, should be smaller than the photon energy to be detected.

(2) Direct energy bandgap material must be used so that optical radiation

can be absorbed in a short distance to minimize transit time effects . .

for high response speed.

(3) High-quality low-defect density and high-purity (especially for long .'

wavelength photodetector) material must be used so that Zener-

tunneling and dark current can be minimized.

(4) The material must be doped properly so that the depletion layer width,

which is a trade-off between high-speed and high quantum efficiency,

can be optimized. ".

(5) The epilayer material should be lattice-matched to the substrate
P b%

material for a long wavelength photodetector.

2.2. s ral Resp.se

For short wavelength (0.50-0.85 um) detection, photons are absorbed near

the semiconductor surface. The photogenerated excess carriers are separated in

the depletion region close to the surface of a photodiode. It is advantageous

to use a metal-semiconductor Schottky barrier structure with a thin semi- ..

transparent metal film. In this detection mode an extremely high response speed . .

6
-70
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and high quantum efficiency can be obtained, if the depletion region is small %

and comparable to the light penetration depth. For long wavelength (0.95-1.65

urn) detection, light penetrates deeply into the material. Therefore, a high

quantum efficiency requires the material with a wide depletion layer width.

For these photodiodes a trade-off exists between a quantum efficiency and a

response speed.

The external quantum efficiency of a Schottky barrier photodiode is

determined mainly by the transmission loss in the metal film and the reflection

loss at the metal-semiconductor interface as well as the recombination loss in

the diode. To reduce the reflection loss an AR coating is usually incorporated

in the photodiode fabrication. This can be achieved by depositing a thin

dielectric film such as Ta2051SiO 2 or Si3N4 with its thickness equal to the

quarter wavelength of the incident radiation at the selected wavelength. The .

thickness of a single layer AR coating film is given by [41]:

dl=(Xo/4 nI )tan
- 1 [2nlks/(nl2-ns2-ks2)] (2.1)

where No is the wavelength of a selected incident light, n, the index of

refraction of the dielectric film, and ns the complex index of refraction of the

semiconductor. In the case of a weakly or nonabsorbing substrate, Eq.(2.1) can

be reduced to the well-known quarter wavelength design formula, i.e., dI = V,'.

) /4n 1 . :
2.3. Responae Speed

The response speed of a photodetector can be determined primarily by three -4W.

parameters: the drift time in the depletion region, the diffusion time in the

quasi-neutral region, and the RC time constant required to discharge the

junction capacitance (Cd) through a combination of internal and external -.

resistances. The total risetime of a photodiode, which is defined as the

response time from 10 % to 90 % of a pulse height, is essentially equal to the

7
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largest of the three. The total risetime can be expressed by:

tr (ttr2 + tdiff2 + tRC) (2.2)

where ttr , tdiff, and tRC are transit time, diffusion time, and RC time

constant, respectively. We can relate the risetime (tr) to the cutoff

frequency (fc) by [5]:

tr = 035/fc  (2.3) " '
= " c

where the cutoff frequency, fc is often regarded as the bandwidth of the system. 4.

For high speed operation, the carriers are being excited within the depletion '4

region of the junction or close to the junction so that diffusion time is

shorter than or at least comparable to carrier drift time and the carriers are

collected across the junction at scattering limited velocity (Vsat). -k. .

The optimum depletion width is a trade-off between the fast transit time -

". . -
requiring a narrow depletion region and the combination of quantum efficiency

and low capacitance which requires a wide depletion region. The depletion region .

width is chosen so that the transit time is of the order of one-half the

modulation period (i.e., half-power frequency roll-off due to RC time and

transit time is comparable). .. "-. %

2.3.1. Drift time

When the carriers are injected from the highly doped contact region or - A

generated in the depletion region, they transverse across the depletion region.
Wk

The carrier drift (transit) time across the depletion region is given by ttr ,

W/2.8 vs [32], where vs is the saturation drift velocity of the carriers, and t -.. ,

is the depletion region width. For high mobility materials, this transit time

is limited by the saturated drift velocity. ".,,

8 4.
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2.3.2. Diffusion time

The carriers which are generated within the highly doped contact region or

in the quasi-neutral region will diffuse to the drift region. This carrier

diffusion will result in a time delay of the carriers reaching the drift region.

The frequency response for diffusion time is given by tdiff = Wp2/(2.43 Dn), if

the thickness of the highly doped p+ region (W ) is less than the carrier

diffusion length (Ln) [42].

2.3.3. RC time constant

Assuming that the drift time and the diffusion time can be greatly reduced

by optimizing the device configuration, the response speed is mainly determined

by the depletion capacitance (Cd), the series resistance (R.), and the load

resistance (RL). The shunt resistance (Ri) is generally very high but is

included to account for the relatively low leakage resistance of the photodiode.

Therefore, the response speed can be estimated from the RC time constant. The ""

resulting RC time constant is given by :.,

tRC = (Rs + RL)Cd (2.4)

The cutoff frequency is given by: ,-i.ia

= l/[2t(Rs +RL)Cd] for (Rs+RL)/Ri << 1 (2.5)

It should be noted that practical detection systems usually have lower

cutoff frequency because of the finite load resistance, the parasitic

capacitance and the load inductance of the photodiode. For high speed

operation, the series resistance should be small (usually less than 10 ohm for a

well-designed diode) and the load resistance should be low (usually 50 ohm). The

load resistance may be reduced in a high-speed circuit. However, it should be

as high as possible for a low-noise detection circuit. Therefore, the

depletion capacitance should be minimized.

-1-4 -0- A-
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2.4. Dark Current

The dark current depends strongly on the barrier height of a Schottky

barrier photodiode. The dark current depends also strongly on diode material,

geometry, and surface passivation. The use of In Gal_xAs/InP heterostructure %

and surface passivation could reduce the dark current of a photodiode. The

reduction of dark current is important for the improvement of the minimum

detectable power.

The dark current of a Schottky barrier photodiode consists of thermionic-

emission current, generation-recombination current via traps in the depletion

region, tunneling current due to carriers tunneling across the bandgap, and

surface leakage current or interface current due to traps at the metal-
0

semiconductor interface. Tunneling current can be neglected for low impurity
17d 3

doping concentration (less than 101 cm-. Surface leakage current is not a

fundamental device characteristic and in most cases, can be eliminated by careful .v

processing and passivation techniques. The total current consists of thermionic- .'.'.

emission current over the Schottky barrier and the generation-recombination

current in the depletion region.

2.4.1. Thermionic-emission Current

The dark current in the forward bias direction of a Schottky barrier diode

is determined mainly by thermionic-emission of majority carriers from the

semiconductor into the metal for doping levels less than 1017 cr- 3 "- .

Ith= SA*T 2exp[-q(IfBn)/kT][exp(qV/nkT)- 1] (2.6)

The effective barrier height, I Bn = 4Bn - 4 m can be determined from the I S

measured value of the saturation current.

2.4.2. Generation-Recombination Current %

At zero bias, the depletion region of the Schottky barrier is in thermal -

equilibrium and the rate of electron-hole pair generation is balanced by the 7
10
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rate of recombination. In the presence of an applied voltage, there will be a

net generation or recombination current depending on the polarity of the bias.

The generation-recombination current through the midgap traps in the depletion

region, which is dominant at low voltage, is given by:

Igr qniAW/teff[exp(qV/2kT) - 1] (2.7)

where teff = (tntp)1/2 is the effective carrier lifetime in the depletionwhp t°°n

region. This current is added to the thermionic-emission current and may

cause deviations from ideal behavior in a Schottky barrier diode. Note that the

current is a generation current when the junction is reverse biased, and is a

recombination current when the junction is forward biased. The total current

can be expressed by:

Itot = Iths[exp(qV/kT) - 1] + I [exp(qV/2kT) - 1] (2.8)

The ratio of thermionic-emission current to generation-recombination current

increases with a bias voltage, energy-gap, effective carrier lifetime, and

temperature and decreases with the barrier height. The recombination current is

important in high barrier, in low lifetime material, at low temperature, and at

low forward bias voltage [43,44].

2.4.3. Tunneling Current

Tunneling current, either band-to-band or via deep-level traps dominates

the dark current at high voltage (and then low capacitance), resulting in the

soft breakdown characteristics. For heavily doped semiconductors the dominant

process changes from thermionic-field emission to field emission and the contact '
J.. .

states to behave like an ohmic contact with a sufficiently small contact

resistance. In addition, the exponentir.l dependence of the current changes

from qV/kT to qV/Eoo [45]. 0

i i .,,. % ,,%"..



i- 14 u1.5l N/rr)/ (2.11)

where m ( mrmo) is the effective mass of electron and es ( re ) is

permittivity of the semiconductor. E is a very useful parameter in ;'** -,

predicting the relative importance of thermionic-emission or tunneling. For

Eoo/kT << 1, the thermionic-emission process dominates and the contact behaves

as a Schottky barrier. For Eoo/kT >> 1, field emission dominates and the00d n s d

contact exhibits ohmic characteristics. For Eoo/kT = 1, a mixed mode of

transport occurs.

2.5. D.C. Parameters

The total capacitance of a packaged Schottky barrier photodiode is given 0

by CT = Cj + CO + Cp, where Cj is the metal-semiconductor junction capacitance,

C0 is the overlay capacitance across the dielectric passivation layer, and C

is the package parasitic capacitance. The overlay and package parasitic ',.", S]
capacitance should be minimized.

2.5.1. Junction Capacitance

The junction capacitance is simply given by the one-sided abrupt junction ....

analysis. Measurements of junction capacitance can be used for determining the .

background shallow impurity profile of a Schottky barrier diode or a one-sided

abrupt junction diode. The background dopant density is given by:

NB = (2/qeeA 2 )[d(VR + VD)/dCj - 2) (2.12)

where

C. = AlqorND/2(VD - V)jI/ 2  (2.13)

where NB is the dopant density of the light-doped side. The diffusion potential

12
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VD of a Schottky barrier diode is determined from the intercept of C 2 vs. VR
D R .%

curve, and the barrier height of a Schottky diode can be calculated

tBn = VD + (kT/q)ln(Nc/ND) (2.14)

2.5.2. Overlay Capacitance
0

The capacitance due to the metal contact overlaying the passivating

dielectric layer in a Schottky barrier diode may be important. Assuming

negligible space-charge penetration (a realistic assumption for SiO 2 on the

semiconductor), the overlay capacitance is given by:

Co eorA/Wo  (2.15)

where W is the thickness of the dielectric layer, and A [= 2 (Ri + ) 3 is the

area of the dielectric layer. This parasitic capacitance must be kept to a

minimum particularly at X-band frequency or higher. Overlay contacts are not

generally used above 40 GHz frequencies because they degrade the overall ,

performance of a diode [45]. Figure 2.1. shows the different values of the

overlay capacitance for different values of Pi' A , ana N The ti.•

dielectric layer (e.g., 2 um) can substantially reduce the overlay capacitanc.

of a Schottky barrier diode.

2.5.3. Series Resistance

The series resistance is due mainly to the resistance of the semiconductor S

substrate and the undepleted epilayer. The series resistance in the epitaxial

layer and the semiconducting substrate is distributed depending on the contact

geometry and frequency dependent. The resistance of an epilayer is given by:

sl= 2W/qunNDA (2.16)

where W is the thickness of the epilayer, and Nd is the donor density of the

epitaxial or active layer. The resistance contributed by the substrate may be

13
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br

modeled by using the resistance of a contact dot on a semi-infinite

semiconductor substrate.

s2  2 fs(A/lt) (2.17) ..

where fs is the substrate resistivity. The total series resistance shown in
Fig.2.2. consists of Rsl due to the epilayer and Rs2 due to the semiconductor

substrate. .

2.6. Noise-Bquivalent Power (NmP)

The minimum detectable optical power of a photodiode is limited by its %

noise performance. The noise generated in a photodiode operating under reverse

bias condition is a combination of shot noise, 1/f noise (or flicker noise), and

the thermal noise (or Johnson noise). The shot noise is due to the

photogenerated currents of the signal, background illumination, and the reverse-

bias dark current. The thermal noise arises from a random motion of the

carriers within any resistive materials including semiconductors, and is always

associated with a dissipative mechanism. The flicker noise (or 1/f noise) has a

current-dependent power spectrum which is inversely proportional to the

frequency existing in all devices when a current flows. -

At low frequency 1/f noise dominates, and at intermediate frequency the

generation-recombination noise dominates. At high frequency, the infrared .

photodetectors exhibit a white (frequency independent) noise which includes 0

thermal, generation-recombination, and shot noise. The transition points vary

with semiconductor material, doping, and processing technology. However, for

infrared detectors, these transition frequencies are roughly at 1 KHz and 1 MHz, _. 0

respectively. In the wavelength region of interest for optical communication,

the detection is limited either by thermal or shot noise. The effect of noise

on signal transmission is measured by the signal-to-noise ratio (SNR) for analog

signals. The signal-to-noise ratio (SUR) is the signal power at an output of the

15
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detection circuit divided by the average noise power.

SNR= (1/2)"is 2Reff/ in2Reff (2.18)

where in is the sum of the square of all noise source currents.

~2 ~2 + 2 2~ - 2 (.9in is + ib + id + ith (2.19)

and i1 is the signal noise current amplitude obtained from a sinusoidally

modulated optical signal, is = (rtq-^pL/hy), where PL is the average optical

signal power, which is assumed to be 100 % intensity modulated. Therefore, SNR

is given by [5]:

(1/2)(qqA PL/h) )2 S

SNR --------------- -- - - - - - -(2.20) .

2q Af(Is+IB+ID)+(4kTf/Ref f)F

The optical power PL which generates a signal amplitude equal to the noise

amplitude ( i.e., SNR = 1 ) at the output is called the minimum detectable power

Pmin' which is given by:

Pmin = (2h)/)(Af)i/2 ((Af)i/
2+(Bf+(IB+ID)/q+(2kTF/q2Reff) )1/2)

(2.21)

The noise-equivalent power is obtained by dividing Pmin by (Af)

NEP = (2h /x) ( (bf)i/2+(,&f+(jB +ID)/q+(2kTF/q2R eff))1/2 ) (2.22)

The noise due to the background illumination can be neglected because it

can be made vanishingly small in optical fiber communication circuits. Figure

2.3. shows the theoretical calculation of NEP vs. effective resistance, Reff, °

with a parameter of a dark current for the photodetectors.

2.7. Devic Packing

The photodetector should be packaged to protect them from mechanical or S

other possible damages and to allow their incorporation into electrical and

17
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optical circuits. However, packaging introduces additional parasitic effects and

may attenuate or distort both electrical and optical signals, if not properly

designed. The package size determines the parasitic impedance added to the diode

impedance, predominantly the lead inductance and package capacitance. For low

noise and large bandwidth,the capacitance should be extremely small. Therefore,

small packages are preferable for low noise-equivalent power and high modulation

* frequency of photodiodes for optical fiber communications.

In packaging a specially designed photodetector for optical fiber

*" communications, a fiber with a relatively large numerical aperature and diameter -

is positioned close to the top contact above the illumination window of the

diode. This kind of package allows the maximum quantum efficiency at minimum

background illumination obtainable for a fiber-diode connection. Electrical

contact to a photodiode is most easily achieved by soldering the wireleads or

bonds into the electrical circuit. If a microstrip line is used, parasitic

capacitance can be reduced. To allow a demountable connection to a commercial

50 ohm amplifier, the photodiode should be incorporated into a miniature coaxial

cable. The latter approach may limit the system performance because of the low

input impedance (thermal noise). A variety of packages for MIC applications

%" which satisfy these requirements are shown in Fig.2.4. Their characteristics

are summarized in Table 2.1.

2.7.1. Microstrip Line Parameters S

Microstrip transmission lines have been extensively used for microwave and

* millimeter-wave hybrid integrated circuits. Microwave integrated circuits (MIC)

can be made in monolithic or hybrid form. However, monolithic technology is not _

well suited to MIC because the processing difficulties, low yields, and poor

performance have seriously limited their applications. The hybrid technology is

used almost exclusively for MIC in the frequency range of 1 to 15 GHz. The

passive lumped elements can be fabricated on the same substrate and chip or

pn19
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beam-lead active devices can be bonded directly to the strips.

The parameter analysis of microstrip lines can be obtained by numerical

approximations such as conformal mapping method, variational method, or

relaxation method if the transverse electro-magnetic (TEM) mode is assumed to be

dominant. The electrical parameters are characterized by characteristic

impedance, attenuation factor, and wavelength. The microstrip width can be

calculated iteratively for a required line impedance using the substrate ,

dielectric constant and thickness. The operation frequency is then used to

obtain the guide wavelength and phase velocity. The conductor loss and

dielectric loss [46-48] can be calculated using the substrate dissipation factor

and metallization resistivity and thickness. The microstrip lines are assumed to

be propagated in only quasi-TEM mode or can be approximated as such at the "

operating frequency. Therefore, the operating frequency must be lower than the

cutoff frequency fc of the lowest transverse electric surface wave. -

fc= 75/H(Cr-1) I/2  (GHz) (2.23)

where H is the substrate thickness (mm). The relative magnetic permeability of ' "

the substrate )r should equal the unity. The characteristic impedance to

determine the width of microstrip lines is given by [39]: For W/H < 1,

Z= 1/27L (Yo/eeffo) i/21n(8H/W + W/4H) (2.24) "

= 6 0 /(e eff)i/21n(8H/W + W/4H) (2.25)
e~

where = 4 x0 7O H/m and Co 8.854x10-- F/m and W,H are the width, thickness

of microstrip lines, respectively. The effective relative dielectric constant

eeff for a microstrip line depends on the ratio W/H, thp relative dielectric - -

constant @rf and the geometrical factors of the boundary between air and

dielectric substrate material. ,.-..,
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eeff - (er+1 )/2 + (Er-l)/2 [(l+12H/w)-l/ 2+.04(1-W/H) 2] (2.26)

The zero thickness (t=0) formulas given above can be modified to consider the

thickness of the microstrip when W is replaced by an effective strip width W' as

follows (t<H and t<W/2). For W/H j X/2

W'= W + (t/K)[l + ln(4yLW/t)] (2.27)

The attenuation constant of the dominant microstrip mode depends on geometrical "X"1

factors, electrical properties of the substrate and conductor, and the .

frequency. For a nonmagnetic dielectric substrate, the two sources of

dissipative loss in microstrip lines are conductor loss in the strip conductor
S

and ground plane and dielectric loss in the substrate. The sum of these two

losses may be expressed as losses per unit length in terms of an attenuation

factor, t. The ohmic loss O' for W/H < 1 is given by: 'C

O(c = (20Rs/lnl)I-(W'/4H)2]/21tZH[l+H/W'+H/KW'{Iln(4tW/t)+t/W}]

(2.28)

where the surface resistivity Rs is given in terms of the free space -

permeability yo and the conductivity, - of the strip metal as

Rs= (ffo/ 6 )1 2  (2.29)

The dielectric loss d with loss tangent, tang is given by:

O d = ( 20 E/InlO ) ( r/ef fI/2 ) (E eff-i )/ (e - a /%(23 -"

=f (20) ta (2.30)

where the loss tangent, taris the substrate dissipation factor. The

microstrip wavelength and phase velocity can be determined in terms of the

effective relative dielectric constant, eeff.

23 .%
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V..

Vp = C(eeff)-/ 2  (2.31)

= 29.980/(eff)i/ 2 f (cm) (2.32)

2.7.2. Microstrip Line Design.-%-

The width of the microstrip transmission line can be calculated -

iteratively for a required line impedance using the substrate dielectric

constant and thickness [49]. The alumina substrate with a gold film coated on

both sides is commercially available. The design parameters and the structure

of a microstrip line are given in Table 2.2. and Fig.2.5., respectively.

Table 2.2. DESIGN PARM S FOR MIRVE
7ANSISIC1 SIRIPL~iE

Alumina (Al203 ) Substrate lxlxO.025

Dielectric Constant er = 9.8 "'"

Substrate Thickness H = 0.025

Gold Film Thickness t = 0.0002

Output Impedance Z = 50 ohm

Microstrip Line Width W = 0.02425 "

W/H Ratio W/H = 0.97

Effective Strip Width W'= 0.02478

2.8. Response Speed Measuremnt

The typical response speed measurement techniques for an impulse response Izj.
of the photodetector are (1) impulse response technique using a sampling scope

or a microwave spectrum analyzer [50], (2) sampling and cross-correlation

technique using two photodetectors [51], (3) optical heterodyne technique [52-

54], and (4) electro-optical sampling technique [55]. Table 2.3. lists the test

equipments used for the measurement of the photodiode parameters.
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2.8.1. Impulse Response

This method requires an optical source generating the ultrashort pulses

preferably shorter than the impulse response of the device under test. For

broadband characterization either a synchronously pumped mode-locked dye laser

or a diode laser driven by a comb generator (or a step-recovery diode) at an

operating wavelength is necessary. The schematic diagram for the impulse

response measurement is shown in Fig.2.6. The impulse response is measured by

either a sampling scope in a time domain or a microwave spectrum analyzer in a 0

frequency domain. The output pulse of the photodetector and sampler to the

narrow incident light pulses are shown in Fig. 2.7. Note that this response is

a convolution of the photodetector and the measurement system including the 0

sampling gate width, laser pulse width, pulse broadening due to the transmission

lines, and impulse response.

2.8.2. Sampling/Cross-Correlation

This technique is to make a cross-correlation of two identical optical

pulses by delaying one with respect to the other for measuring the duration of

picosecond optical pulses. In this case, the two photodetectors, one acting as a

sampling gate to sample the waveform of the other, are not necessary identical.

The detectors are connected in order that the device under test (DUT) launches a

waveform onto a transmission line by an incident short optical pulse and the

second detector is a sampling gate on the transmission line that is probed by

the same optical pulse with a variable delay time. The schematic diagram is

shown in Fig.2.8. The signal output from the second device is given by a

correlation of the signal from the first photodetector with the response of the

second photodetector with a delay time as is shown in Fig.2.9. Note that each

signal is a convolution of the impulse response of the device, the optical pulse

width, and the circuit effects such as the transmission line. 5
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2.8.3. Electro-Optical Sampling ',

This technique shown in Fig.2.10 requires a microstrip transmission line

deposited on a linear electro-optic crystal such as LiTaO3 and used as an active

element in a lithium tantalate traveling-wave Pockels cell amplitude light 4%

modulator. A train of picosecond pulses from a modelocked dye laser is split

into two beams. One beam strikes the photodiode and launches a signal onto the

modulator transmission line. The other beam passes transversely through the -

crystal and its intensity is modulated by the electric field under the -

transmission line sampling the signal. By varying the relative delay between

the two beams, the waveform on the transmission line can be mapped out. -

The voltage waveform on the transmission line is a convolution of the

photodiode response, the laser pulse response, dispersion in the transmission ..

line. The subsequent sampling is a cross-correlation of the laser pulse with

the voltage waveform. The operations of convolution and correlation are

associative and the sampler output is,therefore,equivalent to the convolution of

the photodiode impulse response with the auto-correlation of the laser pulse.

Since the auto-correlation of the laser pulse is independently measured, its

contribution can be deconvolved to extract the photodiode impulse response.

Then the equivalent time representation of the photodiode response is obtained.

The temporal resolution is determined by several factors. the sampling light

beam spot size, the optical transit time, and the laser pulse duration. . .

2.8.4. Optical Heterodyning

This technique can characterize the bandwidth of a photodetector accurately

using two CW lasers. The limitation in the accuracy is the bandwidth of the S

transmission line and the microwave spectrum analyzer. The simple system shown

in Fig.2.11 consists of two semiconductor diode lasers whose frequency is

temperature tuned and the combined beam is incident on the photodiode. Since .

the photocurrent is proportional to the square of the electric field of the
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laser, the product of two laser fields at a different frequency will produce a

difference or beat frequency detected by a photodiode. With standard
- -'

thermoelectric cooler/heater and feedback electronic circuit, the temperature .

of the laser diode can be controlled to within a few tenths of a millidegree.

Table 2.3. EDUIP~MENTS FUR THE MEAUREMENT OF THE PH(YI)IE PARAMETRS .

Parameter Measurement Equipment Maker/Model

Darkcurrent Curve Tracer Tektronix 576
Pico Armeter HP 4140B

Capacitance C-V Plotter PAR M-410 ~
C Meter/C-V Plotter HP 4280A
Multifrequency LCR Meter HP 4275A .'

Probe Station (0.7X-3.OX) Bausch and Lomb ''

A.C. Admittance Impedance Analyzer HP 4191A

Spectral Response He-Ne Laser (0.63 urn) Spectra Physics 120
Pulse Diode Laser (1.30 urn)
Power Meter 1 optics Tech. M-615 ,

Power Meter 2 LaserPrec. RL-3610
Chopper Laser Prec.CrX-532
Detector Probe Laser Prec. RKP-360

Monochromator Jarrell-Ash 82-410
Pico Ammeter Keithley M-480 .

Response Speed Pulse Diode Laser (110 ps)
Sampling Scope (25 ps) Tektronix 7S-12/S-4
Spectrum Analyzer HP 8559A/853A
Step Recovery Diode (100 MHz) HP 33002B
OSSM Connector Omni Spectra OSSM-40
Coaxial Bias Tee PS Pulse Lab. 5575A

HP 8717B/HP 11612A
MicroStrip Line
Microwave test Fixture

Noise Noise Figure Meter HP 8970A

-. %



CHAPTER THRE
FOIEIATI(N OF SCHOTTKY BARRIER AND OHMIC ONQTACT V

ON III-V OMPOUND SEMI0 N....RS

3.1. Intr&zction

The Schottky barrier contacts are used in many high-speed Ill-V compound ..

semiconductor electronic and optoelectronic devices such as MESFETs, MODFETs,

photodetectors, LEDs, and lasers. In0 .5 3Gao.4 7As is most suitable for high

frequency optical fiber communications in the 1.30-1.55 um wavelength regime

because of its energy bandgap (i.e., 0.75 eV), high electron mobility, high

saturation velocity, and lattice-match to the InP substrate [35.36]. However, %

the technology of InGaAs(P)/InP material and device systems is still in need

of considerable development. The main reason for this is due to the difficulty ..

of achieving a sufficiently high Schottky barrier necessary for the development .. '-

of a practical MESFET technology and the lack of a suitable dielectric

insulating layer with a low interface state density required for the development

of a practical MISFET technology.

Schottky barrier height enhancement is a promising compromise between the

MESFET's and MISFET's technology even though more study is needed to have a good "

reproducibility. On the other hand, Schottky barrier contacts on a moderate

doped p-type InGaAs and InP can provide good barrier heights (i.e., t Bp = 0.76

eV for InP and 0.55 eV for Ino.53Gao.47As). For III-V compound semiconductors

the electrical properties of Schottky contacts depend strongly on the Fermi

level pinning, which results when metal is deposited on the semiconductor

surface [56]. The reproducibility and reliability for the ohmic contacts still

need to be developed although low ohmic contact resistance is essential for most

III-V compound semiconductor devices. New studies on the ohmic contacts have

been reported recently because of the needs for good ohmic contacts on III-V
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compound semiconductor devices and the availability of more sophisticated high

vacuum surface analytical instruments required to understand the metallurgical .

properties of the ohmic contacts.

In this chapter the theory and fabrication of barrier-enhanced Schottky

diodes with different thicknesses of p -In0 .5 3Ga0 .4 7As surface layer on the ,*.*.

n-In0 . 5 3 GaO. 4 7 As epilayers grown by MBE on n+-InP substrates are depicted. The

significance of this structure lies in its ability to increase the barrier

height and hence to reduce the large dark current commonly observed in the

n-In0 5 3Ga0 4 7 As Schottky barrier diodes. The metal/p-InGaAs/p+-InP as well as %+ '~., ""

metal/p-InP/P -InP Schottky barrier diodes also have been fabricated and
I O!

characterized in this research.

3.2. Schottky Barrier Height tha ,'-

The barrier height of an ideal Schottky contact is determined primarily by

the difference of metal work function and electron affinity of the ,

semiconductor. However, for a practical Schottky diode the property of metal- ".

semiconductor interface such as interface trap density plays an importment role

in determining the effective barrier height of the Schottky contact. Since .0

there are only limited numbers of metals which are suitable for good Schottky ...-

contact, the control of the Schottky barrier height is essential for specific

electronic circuit application. A low barrier height makes the Schottky contact 0

too leaky to be useful for MESFET and photodetector applications. Thus, the

effective barrier height needs to be increased in order to overcome the

problem associated with low Schottky barrier height.

Barrier height enhancement can be achieved by the use of (1) a thin

insulating layer (i.e., MIS Schottky diode) [57,58], (2) an oppositely doped

thin surface layer to that of an active layer (i.e., Barrier height-enhanced

Schottky diode) [59-62], and (3) Schottky contact on wide-bandgap materials ..
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such as InP or AlInAs (i.e., Heterojunction Schottky diode) [63-65. Effective

barrier height for a MIS Schottky barrier structure, which consists of a thin %
. ,- .

interfacial insulating layer between metal and semiconductor, can be increased

and resulted in a low reverse leakage current. However, high interface state

density, oxide breakdown, and charge storage effects are some of the problems '--•...'

that need to be overcome in III-V semiconductor Schottky contacts [57,58]. -

Schottky barrier enhancement is a promising technique for formation of a -.

Schottky contact on InGaAs/InP material system, which employs a very thin p- •

In 0 5 3 Ga 0 47As surface layer grown on the n-InGaAs epitaxial layer. -.€-'.-...

Schottky barrier contacts on n-Ino. 5 3 Gao. 4 7 As usually yield very low

b-rrier height (TBn = 0.2-0.3 eV), which makes Schottky contacts too leaky to be

useful for photodetector applications. The barrier height enhancement can be

achieved by depositing a thin p -Ino. 5 3 Ga0 . 4 7 As layer on the n-In0 5 3 Ga 0 4 7 As

epilayer as is shown in Fig.3.1. The effective barrier height can be increased

by band bending due to the space charge in the p -In0 53Ga0 4 7As surface layer

provided that the dopant density and the thickness of the surface layer are

selected to an optimum value and the layer is fully depleted at thermal .' .'

+equilibrium. The thickness and the dopant density of p -Ino.5 3Ga0 .4 7As layer

can be related to the effective barrier height, 'Bn by:

tBn = qNAXm 2/2eor (3.1)

The enhanced barrier potential will reach a maximum value at x = xm inside

the p+-Ino. 5 3 Ga 0 .4 7 As surface layer provided that NAWp >> NDWn.  5... .

Xm = (I/NA)(NAWp - NDWn) and Em = (q/eoer)(NAWp - NDWn) (3.2)

-. 4

The effective barrier height O'Bn obtained at x = xm is given by

t'Bn = Bn + EmXm - qN( .X2/2e (3.3)
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By substituting Eq.(3.2) into Eq.(3.3) the effective Schottky barrier height can

be obtained.

4..."

.4%A*

V'Bn -= tBn + (q/2'eoe~rNA)(NAWp - NDWn) 2  (3.4)

For NA > > ND and NAWip >> NDWn the barrier height enhancement of a metal-p-n

Schottky barrier diode, A&Bn due to the p surface layer may be simplified to

IBn = qNAWp2/2e lr (3.5) o

It can be shown that Eq.(3.5) holds only for AlBn )> VDNo/NA. Note that NA

and ND denote the dopant density of the p+- and n-In0 5 3Ga0 4 7As layers, "'•

++

respectively. W p is the thickness of the p+-Ino.53Ga.47As layer, and VD is the

built-in potential of the p -n junction. Therefore, the effective barrier -'

height will increase as the product NAWp increases. The thickness and dopant
+egh w n.e"

density of the p -In0.53Ga. 4 7As surface layer should be determined in order to

satisfy the condition of ABn > VDND/NA. The depletion layer width of the n-

InGaAs epilayer is given by

Wn = p + [Up2+(NA/ND)Wp2 + 2eoer(Tm - n- V)/qND 1/2  (3.6) - -"

where fn Xs + CkT/q)ln(NC/N) (3.7)

The effective barrier height for the proposed photodetector can be tailored

to its optimum value via properly selected thickness and dopant density of the

surface layer. Theoretically the effective barrier height equal to the bandgap

energy of In 0 .5 3 Ga. 4 7 As can be achieved by the proposed structure. Figure 3.2.

shows the effective barrier height vs. dopant density as a function of the

thickness of p+-In0 . 5 3 Gao. 4 7 As surface layer. Figure 3.3. shows the theoretical

saturation current density of the Schottky barrier diode on n-InGaAs. The

effective barrier height O'Bn of the Schottky barrier diode can be determined.
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Fig. 3.3. Theoretical Saturation Current Density vs. Effective

Barrier Height.
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'Bn -
V (kT/q)ln(A*T 2 /Js) (3.8)

V'Bn VD + (kT/q)1n(Nc/ND) (3.9)

VBn I-T = kTln(J/A*T2 ) (3.10)

Bn = hv- kT(J/A*T2 1  (3.11) .. "

. - '. '

where A (= 4 ltqm*k2/h 3 ) is the effective Richardson constant for the

thermionic-emission neglecting the effects of optical phonon scattering, quantum." .. <% ,

mechanical reflection, and tunneling of carriers at the metal-semiconductor

interface, and is is the reverse saturation current density. "".

3.3. Ohiic Omtact Formation

A practical way to obtain low resistance ohmic contacts [66-69] is to

increase the dopant density near the metal-semiconductor interface (ND > 1019

cm 3 ) so that the depletion layer caused by Schottky barrier becomes very thin

and the current transport through the barrier is enhanced by tunneling. Nearly

all methods of making ohmic contacts depend on depositing a thin layer of metal

alloy on a relatively oxide-free clean semiconductor surface and on heat

treatment during or after deposition in vacuum or in an inert atmosphere.

Generally, it is preferred that the metal deposited on semiconductor should be ..

heat treated at a temperature higher than the alloying temperature because a

heavily doped contact layer is often formed between metal and semiconductor

during the cooling cycle.

The selection of metals for ohmic contact to a particular III-V compound

semiconductor depends on several factors [45,67]. The primary factor is that

the metal used for contact should be such an element that it can be acted as a

dopant to the semiconductor so that a heavily doped surface layer can be formed. 7

For example, the possible materials are Si, Ge, Sn, Se, or Te for contacts on n-
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type semiconductors and Zn, Cd, Be, or Mg for contacts on p-type semiconductors.

In addition to this factor, there are a number of other factors that need to be V

considered before selecting a particular contact metal: (1) easy deposition, (2)

good adhesion, (3) low alloying temperature, (4) minimum interface reaction, (5)

minimum thermal mismatch, (6) no surface tension effects during alloying, (7)

good electrical and thermal behavior, and (8) adaptability to thermo-compression

or ultrasonic wire bonding. The most widely used metal for ohmic contact on III-

V compound semiconductors are Au, Ag, or In base alloys. The final factor for 0

choosing a particular metal system is the eutectic temperature of the alloy

metal (i.e., Au, Ag, or In) with the semiconductor and its correlation to the

temperature for which the semiconductor can be safely heated. After suitable 0

choice of contact metal, an appropriate technique has to be selected for

depositing the contact metal system onto the semiconductor surface. A number of

techniques, e.g., evaporation, sputtering, and electrolytic or electroless

plating in a chemical solution have been reported for this purpose.

The evaporation technique is by far the most widely used for the deposition

of contact metal systems on III-V compound semiconductors. Sputtering technique

has rarely been used for depositing the contact metal system on III-V compound

semiconductors because of low sputtering rates, surface damage, and difficulty

in accurate monitoring of the metal film thickness [45,67]. The electroless

plating technique has been frequently used for depositing overlayers of Au, Ni,

etc., on ohmic contacts as well as Schottky contacts. Such overlayers are

required for bonding thin wires with contact metal systems without any change in

the properties of the contacts. The wire bonding is usually carried out by

either the thermocompression or the ultrasonic bonding technique.
Finally, the requirement of a buffer layer (e.g., n -layer on n-type

semiconductor) between the contact metal system and semiconductor in order to
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ensure good ohmic contact can also be satisfied by using epitaxial technique.

Recently, the molecular beam epitaxial (MBE) technique has been used for growing

such buffer layers. Ion implantation also promises to be a desirable alternative %

to the epitaxial technique for obtaining submicron layers without introducing

any undesirable interface states. However, thermal annealing is usually

required after ion implantation to remove damages and crystal defects. The

annealing can be carried out by using thermal, laser, or electron beam -

annealing. Therefore, it can be predicted that ion implantation (for producing .

a buffer layer) followed by evaporation (for depositing the contact metal

system) may be a good combination method for making good reproducible ohmic

contacts on III-V compound semiconductors. .0

3.4.1. Schottky Gate Formation Soty

The Au/p+-n-In0 . 5 3 GaZ.4 7 As/n+-InP and Au/p-1n0 .5 3GaO. 4 7 As/p+-InP Schottky

barrier diodes have been fabricated as is shown in Fig.3.4. using a standard

lift-off process [70-73] in this research project. A lift-off photolithography ,

gives an excellent resolution available with positive photoresist and avoids

incompatability problem of many metal etchants with InP in a two-metal system

[45]. The p+-n-In 5 3 Ga 4 7 As epitaxial layers were grown on n+-InP substrates05....47

by MBE technique. The thicknesses of the p+-In0 .5 3 GaO. 4 7 As epilayer were chosenby6 -. '...'

to be 0.03 um - 0.15 um with corresponding dopant densities of 5.5x10 16 -

9.0x10 1 7 cm 3 , and the thickness of an n-In 0 5 3GaO 4 7As and p-In0 .5 3Gao.4 7As

epilayer with a dopant density of 3.0x10 1 5 cm - 3 is 1.5 um. A 100 R gold film

was deposited on the p+-In0 .5 3Ga. 47 As layer at a deposit rate of 2 R/sec and at %

a pressure of 5.xl0 7 Torr for the transparent Schottky contact and Cr/Au

(60/1,000 R) was deposited for the bonding pad. The Cr provides contact

adhesion to the semiconductor and Au reduces the contact resistance and provides
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a surface suitable for bonding or probing. Just before evaporation, a wet 0

chemical etching was performed to remove native oxides from surface of the

contact area. Wafers are dipped in buffered HF (HF:H 2 0 = 1:5) or etching

solution (NH4 OH:H 202 :H20 = 20:7:100).

For p-InP/p+-InP Schottky barrier diode shown in Fig.3.5. the (100)
18 "23

oriented Zn-doped InP substrates with a dopant density of NA = 5.0x10 1 8 cm 3

were used. The p-InP epitaxial layer with doping concentration of NA = 1.0-

2.0x18 1 7 cm- 3 was grown on p+-InP substrate by Vapor Phase Epitaxy. Aluminum

was used as the gate metal because of low resistivity and low work function.

The contact has a circular shape with a diameter of 200-800 urn, which gives a

contact area of 3.0x10 -4 to 5.0x10 3 cm2.

3.4.2. Ohmic Contact Formation

We investigated the properties of the ohmic contact using several metal -
alloys at a different alloy temperature and alloy time to obtain the optimum .

ohmic contact condition. For this purpose the test ohmic contact pattern was

fabricated as is shown Fig. 3.6. The optimum conditions are summarized in Table

3.1. The specific contact resistance was claculated for the vertical and the 0

planar structure as is shown in Fig.3.7. and Fig.3.8., respectively. The

specific contact resistance at a different alloy time is shown in Fig.3.9.

For the ohmic contact on n -InP, Au-Ge (88-12 %) alloy (1,500 R) was

deposited and alloyed at 400 °C for 30 sec in H2-N 2 (5-95 %) forming gas

ambient. Zn, Be, and Mg are usually incorporated in epitaxial InP layer as .

acceptors for the ohmic contact on p-InP. After cleaning wafer with TCE, %

acetone, methanol, and D.I. water followed by blowing dry with N2, an ohmic

contact was formed on the back surface of the p+-InP substrate by depositing Au-

Zn (84%-16%) metal alloy (1500 R) in E-beam evaporator at a pressure of 7.Oxi 7

Torr. The Au-Zn ohmic contact was annealed at 450 0C for 2 min in H2-N2 (10%-
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Contact Pad :100 x 200 um",.. "

Ohmic Contact :Au-Ge/Ni/Au .. _
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Fig. 3.6. The pattern for the ohmic contact on n-type: - :

Au-Ge (1,200 A)/Ni (300 A)ICr (400 A)/Au (1,000 A)"-"."
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Table 3.1. Optimum Conditions for Ohmic Contact

Metal Alloy Thickness (A) Alloy Time (sec) Special Comment

Au-Ge 1,200 30 at 400 °C Good Ohmic
Bonding Problem

Au-Ge/Ni 1,200/350

and/Cr/Au /400/1,000 120 at 450 °C Good Ohmic %

Au-Ge/Ni/Au 1,200/500/1,000 90-120 at 450 0C Good Ohmic o,
..... . .-,.

*,'. -d

Au-Zn 1,500 30-45 at 400 °C Contamination
Adhesion Problem

Cr/Au-Zn/Au 50/500/1,500 60-90 at 450 0C

Mn/Au 100/900 30 at 460 °C Good Ohmic

I

49-

%I

% %.% % %
• . - . o -. .. . - .% ... % . . ".",.".. .' " ,w - %- ,."-. '% % % .% ' .° --.. ". " o- ." " ." %. %-%" " . ",..

, .,- .-.'-, ;- ", .-'- ..'--'--. -- "".--." -" -'. -" ." - -". "" "-Z-'.'.". "- "-' '.-/- . ".- -.-", :- - -",- -'" ",=" *"-, .""-.
, -. ."'.;''-.- ' "i' v";".""." '.''.,' "-.""-""." '.''.''."/ J . • ' J - .-

r,,P .--'. .- -. . % "- " ,% " . ."J "-- "w" "W" ".4 -- " - •'' "-"% " .% . J . ''. 4" " ,W Jr .r ,r4



%O~ .- -'. *:X% %

.' %. %

.,....

. % %

- ( -.., -.

R, 2R +R R T~aR Ss
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"%* %* '- -,

Thus, -

rc= RcWd = (0.011) (200) (100) (10 " ) = 2.2 x 10 6 [O2cm 2 '

U

Fig. 3.7. Specific Contact Resistance of Vertical Structure.
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Rc'R 53 LtW=1/2 (RTotaj RSystsm)= 1.2 [!Qj
R (1.2) (200)/1= 240 [fJasuigDI]I pm

Thus,

rC= R seL t (240) (1) 2.4 X 10 6 [Q)cm 2 5.'

Fig. 3.8. Specific Contact Resistance of Planar Structure. 
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Fig. 3.9. Specific Contact Resistance at a Different Alloy Time.
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90%) forming gas environment in alloy furnace. The adhesion of Zn on InP was

not always good, some peeling off occured during the lift-off process [73].

3.5. E " riental Results and Discussion
The current-voltage (I-V) characteristics of Au/p+-n-In 0 .5 3Ga0 .4 7As/n+_InP

Schottky diode with a p-InGaAs layer of 1,500 and 500 R thick show a large

reverse leakage current as is shown in Fig. 3.10. and Fig.3.11., respectively.

The reason for the large leakage current may be attributed partly to the surface

leakage due to the poor surface morphology and partly to the existance of the

thin neutral region between the p-Schottky barrier and the p-n junction, %. .

consisting of a Schottky barrier contact in series with a p-n junction diode due .. -.

to a thick surface layer. However, the leakage current was greatly reduced in

++

Schottky diodes with a p+-InGaAs layer of 300 R as is shown in Fig.3.12. The .. z

reverse leakage current depends strongly on the thickness of the p +-

In0.53GaO.47As surface layer. The reverse leakage current density is given by

5.x103 A/cm 2 at VR = 1 V. The effective barrier height of 0.52 eV is ob.:ained
R

by using A = 4.92 A/cm 2/K 2 for an electron effective mass of 0.041 mo . The

capacitance was found to be 0.3 pF at VR = 5 V for Schottky barrier diode with

a contact area of 2.0xi0- 5 cm2 . The effective barrier height, VBn I - v = 0.52 eV

and 'BnC-V 0 0.58 eV is obtained, which indicates the barrier enhancement of

approximately 0.35 eV.

Most of the p-InP/p+-InP Schottky barrier diodes have a breakdown voltage .

of 15-20 V as is shown Fig. 3.13. The junction capacitance is C = 0.18 pF at VR

0 V and C = 0.16 pF at VR = 5 V for an Al/p-InP/p+-InP Schottky barrier diode

with a contact area of 5.0x1 - 3 cm2 as is shown in Fig.3.14. The background

doping concentration determined from the slope of C vs. VR in Fig.3.15 is

1.4xl 1 7 cm- 3 . The built-in potential is obtained from the intercept of C

i.e., VD = 0.65 eV. Thus, the barrier height for metal/p-InP/p+-InP Schottky
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N0

.. %-



W %~

i

, . p.

_ %

~% %

Ct '
9..

O

Fig.m 3.1o. Current-Voltage (I-V) Characteristics for ,......
Au/p -n- In0 .53Ga0 .4 7As/n+- InP Schottky Barrier Photodiode. ..-.

Contact Area: 50 urn diameter

p-In0 .53Ga0.47As layer: 1,500 A

4.-

I "

-% .

54 '

.
9 .

. * j. * .. .. * .\- .

l -".* -" p ... . . . ' " . . . - -' " "" ." -.- "• " . . "" ' ." . * "' " " . -• -• -



.~

~,. ..

.~. V. -

..-- -a

a--
S.

S
'I

I,

0
.' -b

* .

.~-.*. a-. a

* - -a..

-. .1*

0
Fig.~3.1l. Current-Voltage (I-V) Characteristics for
Au/p -n-In Ga As/n~-InP Schottky Barrier Photodiode. .. *

0.53 0.47
Contact Area: 50 urn diameter
p~-InGa o*47As layer: 500 A 0

a.

,% .. \ *a.~

t 0

---- a,..

-a *%..

S

55

0

a, - a-a a, ..-.. t..*... -- -a--a.-.. ~ aa-a.~.
~ -Va,.S.-~J~a~'



*%

d*. %

41

Fig.3. 12. Current-Vol tage (I-V) Characteristics for 0
+ -n-In0 5 Ga 4 As/n+-InP Schottky Barrier Photodiode.

Contact Area: 50 urn diameter

p n0.53 Ga0.47 Aslayer: 300A

566

I z

%.



~'~ w ~ r ~ r' ~ - X W *~ -~ J) ~ '~X J~.E ~'u - -~ .. ~..~- . - .J*

%

Fig. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , 3.1.Cretv.Vo aeCaatrstcCremaue

by~~~~~~ ~ ~ ~ ~ ~ ~ Tetoi 7.ureTae/o ged

Barrier~ ~ ~ ~ ~ Dide (Dekow o tc

B0

A

57- PI

% %'

%~ %J



%.

°S .'

G.5

0.185 .

A u/p-In P/p -I nn P
LL Schottky Barrier Diode
r- 0.180 Area =5X10,3 Cm2

0 O 

'. -: :...

0.175 ,...5..

L) 0.170 -z

z
0.165

0.160 I ! I "
0.0 1.0 2.0 3.0 4.0 5.0

REVERSE-BIASED VR(V)
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barrier diode can be determined by Eq.(3.9), which shows fBp = 0.77 eV. Recent
S

measurement for Schottky barrier contact with Au or Al on n-InP has shown that

Bn = 0.5 + 0.04 eV independent of the metal. These results imply the barrier

height for p-InP of 0.8 + 0.04 eV. S

3.6. Simiry and Omclusions

The Au/p+-n-In 0 5 3Ga0.4 7As/n+-InP Schottky barrier diodes with a different

thickness of the p+-InGaAs surface layer have been fabricated and characterized.

The results show that our modified Schottky barrier diodes have the total

capacitance of 0.3 pF, the series resistance of 11.8 ohm, and the effective

barrier height of 0.52-0.58 eV. We have also fabricated Al/p-InP/p+-InP

Schottky barrier diode using a lift-off photolithographic process on p-InP 0

epilayer grown by Vapor Phase Epitaxy (VPE). The direct measurement of the

barrier height shows Bp CV = 0.77 eV.
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HAPTER FOR
DEVURFUM OF A HIGM-PE Au/p '-n-I% ~ As/n +-InP

SC(M BRRIER PH70EECO FOR 1.30-1.65 um' N•--

4. 1. Introduction,

The high bit-rate fiber optic systems for long distance lightwave

communication require the development of high-speed, high efficiency, and low

noise photodetectors operating in the infrared regime, especially close to the

dispersion minimum of the optical fibers. Most of high-speed photodetectors
-. .. "

have been fabricated mainly on GaAs using Schottky barrier structure for e%.-

0.80 - 0.90 um and on In0 5 3Gao 4 7 As for 1.30-1.65 um using p-i-n structure.

In this project, we have developed a novel metal/p -n-InGaAs/n -InP

Schottky barrier photodetector operating in the 1.30-1.65 um infrared regime.

The proposed metal/p+-n-In 0 5 3 Ga0 4 7 As/n+-InP Schottky barrier photodiode -"

structure requires the use of a very thin surface layer of p -In 0 . 5 3 GaO. 4 7 As on

the n-In0 5 3Ga0 4 7As epitaxial layer grown on n -InP substrate in order to

enhance the effective barrier height. The significance of this new structure -

lies on its ability to increase the effecti-e barrier height, and hence to".

overcome the problem of large dark current encountered in such a photodetector.

This approach for barrier height enhancement has been demonstrated previously in

GaAs [59] and InGaAs Schottky diodes [60-62], and is used in our

Au/In0 5 3Ga0 4 7As/InP system for photodetector applications in the 1.30-1.55

infrared regime.

4.2. Theoretical Analysis

For a metal-p -n InGaAs Schottky barrier photodiode, there exists the

region between x = 0 and x =x m where a retarding field tends to oppose the

collection of the photogenerated carriers. For simplicity this region is

assumed as a dead layer for the photogenerated carriers.
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4.2.1. Quantum Efficiency 
AN-

The two main components of the photocurrent come from the depletion region %

and the active region (i.e., the "base" of the Schottky barrier photodiode). The

photogenerated excess carriers in the depletion region are swept out by the

built-in electric field, resulting in a photocurrent for an incident

monochromatic light.

Jd = q(l-R)M[exp(-aXm)-exp(-aW)] (4.1) "% "

where a is the absorption coefficient, I is the incident photon flux density, R

is reflection coefficient in the metal film, and W (=W + W + Xm) depletion

region width, respectively. Wp is the thickness of p+ region, which is fully *4'*.
'.

depleted at thermal equilibrium, and Wn is the depletion layer width in the n -

region. Note that the reflection loss of the incident photons from metal 4 ..

surface is accounted for by the reflection coefficient, R.

The photocurrent due to holes collected from the n-type base region is

given by

J = [qam(l-R)L/(a2Lp2-1)]ea aL
p p p

- {cosh(H'/L) - e-aH'}/sinh(HI/Lp)] (4.2)
p)

where H (= H' + W) is the epilayer thickness, and W is the depletion region

width. The total photocurrent density is obtained from Eq.(4.1) and (4.2),

which is given by

2 2

Jph = qi(l-R)[e-axm - e- aW] + [qa&RLP/(a 2Lp2-1)]

e-aW[aL - {(cosh(H'/L) - aH'/sinh(H'/L (4.3). .
p S

The quantum efficiency of a Schottky barrier photodiode is given by

ii.;" . .'.,_. - -,--.:u. ,%,';, . _ _ _; w,- -.: ' -''-, -J.. ""°. '. 2,.,' -, "



= (1-R)[e-aXm + e-aW/(a 2 Lp 21) '

{l-aL (cosh(H'/L )- eaH')/sinh(/Lp)}] (4.4)
p p p

Eq.(4.4) will be reduced to Gartner's expression [74] for quantum efficiency if

the device thickness is much greater than the diffusion length, i.e., H'>>L P"

= (l-R)[e-aXm e-aW/(aL + 1)] (4.5)

p P

The minimum reflection loss with a quarter wavelength anti-reflection (AR)

coating is given by [75,76]:

Rmin = (nl2_non2/nl
2+non 2 )

2  (4.6) -

where no, nI, and n2 are the index of refraction of air, AR coating film and

semiconductor substrate, respectively. For example, Rmi n = 0.0526 at 1.3 um for

no = 1.00 (air), nI = 1.46 (SiO2 ), and n 2 = 3.40 (InGaAs). The quantum

,. efficiency for a p -n-InGaAs/n +-InP Schottky barrier photodiode is shown in

Fig.4.1. as a parameter of the thickness of the p +-InGaAs layer. For a single

layer antireflection coating, the thickness of the dielectric film can be 0

obtained from the well-known quarter wavelength formula given by:

dl= (o/4 nl)tan-[2nlks/(nl2-ns2-ks2)] (4.7)

where Ao is wavelength of incident light at peak intensity, n, is index of

refraction of the dielectric film, and ns is complex index of refraction of the

semiconductor. 0

4.2.2. Response Speed

The response speed of a photodetector is determined primarily by the

transit (drift) time in the depletion region, the diffusion time in the quasi-

neutral base region, and the RC time constant required to discharge the junction
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capacitance (Cj) through a combination of internal and external resistances.

The total risetime can be expressed by

tr (ttr 2 + tdiff2 + tRC) /  (4.8) .

The drift time across the depletion layer is given by ttr = W/2.8 vs, where

v5 is the saturation drift velocity of the carriers. The diffusion time is

given by tdiff = Wp2/(2.43 Dn) , if the thickness of the highly doped p+-layer....

(W p) is less than the carrier diffusion length (Ln). The RC time constant is -

given by tRC = (RS + RL)Cj

The cutoff frequency is given by

fc = 0.35/tr (4.9)

Assuming that the transit time and the diffusion time can be greatly

reduced by optimizing the device configuration, the response speed is mainly

determined by the junction capacitance (Cj), series resistance (Rs), and load

resistance (RL). The shunt resistance (Ri) is generally very high but is %

included to account for the relatively low leakage resistance of the photodiode.

The series resistance (Rs) is composed of the lead resistance, the spreading

resistance in the base material, and the sheet resistance of the thin epilayer.

The sheet resistance term is the most important. This resistance is distributed,

depending on the contact geometry, and is frequency dependent. Thus, the

response speed can be estimated from RC time constant. -

4.2.3. Dark Current
S

The dark current depends strongly on the barrier height of the photodiode

while the photocurrent does not depend much on the barrier height. The total

dark current for a Schottky barrier photodiode consists of: (1) thermionic-

emission current, (2) recombination current via traps in the depletion region, .
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(3) tunneling current due to carriers tunneling across the bandgap, and (4)

leakage current or interface current due to traps at the metal-semiconductor

interface. Tunneling current can be neglected for low doping concentration (less

than 1017 cm 3 ). For a good diode with negligible surface leakage, the total

current is composed of the thermionic-emission current over the Schottky barrier

and the generation-recombination current in the depletion region.

For high mobility low doped (less than 1017 cm 3) semiconductors the dark " -

current density can be described by thermionic-emission theory.

J = A T exp(-CffBn/kT)[exp(qV/nkT) - 1] (4.10) --

Js[exp(qV/nkT) - 1] (4.11) . •

The quantum-mechanical tunneling through the barrier may modify the

ordinary thermionic-emission process. The current-voltage relation suitable for

thermionic-field emission due to tunneling of excited carriers, which do not

have sufficient energy for thermionic-emission, can be expressed by [69]:

J = J{exp(qV/kT) - exp[(n - - l)qV/kT]} (4.12) 0 S

When n equals unity Eq.(4.12) is reduced to Eq.(4.11). For n > 2, the

Schottky contact conducts better under reverse bias because tunneling is the
* 0i

dominant mechanism. At zero bias the depletion region of the Schottky barrier

is in thermal equilibrium and the rate of electron-hole pair generation is

balanced by the rate of recombination. In the presence of an applied voltage, .

there will be a net generation or recombination of carriers depending on the

polarity of the applied bias. The generation-recombination current Jg-r

through the midgap traps in the depletion region is given by

Jg-r = Jro[exp(qV/2kT) - 1 (4.13)
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where Jro = qniW/2to and to = p is the minority carrier lifetime in the

depletion region. This current is added to the thermionic-emission current

and may cause deviation from ideal behavior (i.e., n = 1) in Schottky barrier

diodes. The recombination current is important in high barrier, in low lifetime

material, at low temperature, and at low forward bias voltage.

4.3. Device Fabrication

A high-speed Au/p+-n-In0 5 3Ga0 47As/n-InP Schottky barrier photodiode has ...

been fabricated using a lift-off photolithography process. The structure of .,'*

the proposed InGaAs Schottky barrier photodiode is shown in Fig.4.2. The

p+-n-In 0 5 3Ga0 4 7As epitaxial layers were grown on n +-InP substrates by MBE. % %

The thickness of the p+-In0 .5 3Ga0 .4 7As epilayer is 0.03 - 0.15 um with a

corresponding dopant density of 5.5xl 16 -9.0x1O cm-3 , and the thickness of

n-In0.53Ga0.4 7As epilayer is 1.5-2.0 um with a dopant density of 3.0x101 5 cm-3

A 100 R gold film was deposited on the p+-Ino.5 3GaO.47As layer at a deposit rate

of 2 R/sec and at a pressure of 5.0x10- 7 Torr for a transparent Schottky contact

and Cr/Au (60/1,000 R) was deposited for the bonding pad. The Cr provides

contact adhesion to the semiconductor, and Au reduces the contact resistance as

well as providing contact area for bonding or probing.

Just prior to evaporation, a wet chemical etching was performed to remove

native oxide from surface of the contact area. Wafers are dipped in buffered HF

(HF:H 20 = 1:5) or etching solution (NH4 OH:H 202 :H20 = 20:7:100). For ohmic

contact on n -InP, Au-Ge (88-12 %) alloy (1,500 R) was deposited and alloyed at

4 °C for 30 sec in H2-N2 (5-95 %) forming gas. For mesa etch, H2SO4:H202:H2 =

3:1:1 was used for the In0 5 3Ga0 4 7 As epilayer with an etch rate of 0.1 um/sec

at T = 300 K. For device characterization, the photodiodes were mounted on a 50-

ohm microstrip transmission line fabricated on the Cr-Au metallized alumina

(A12 0 3 ) substrate [8].
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4.4. Eperimtal Resuits a3d Dincussi.

4.4.1. Current-Voltage (I-V) Measurement % %

The current-voltage characteristics show that the breakdown voltages for our

devices are mostly around 5-8 V. The dark current was measured by using HP

4140B pA meter controlled by HP 9845B computer. The current-voltage (I-V)
'- A/+ nn 5G 4A/+-n

characteristics of the Au/p -n-In0 5 3 Ga 0 4 7 As/n -InP Schottky diode with a p-

InGaAs layer of 1,500 R thick show a .arge reverse leakage current. However, the

leakage current is greatly reduced in a Schottky diode with a p+-InGaAs layer of -.

300 R as was shown in Fig.3.12. The results show that the reverse leakage

current depends strongly on the thickness of the p+-InGaAs surface layer. The

reverse leakage current density is given by 5.0xi1 - 3 A/cm2 at VR = 1 V.

- 4.4.2. Capacitance-Voltage (C-V) Measurement

The junction capacitance of the photodiode was measured accurately by using

HP 4280A C-Meter/C-V Plotter. The result shows that the total capacitance is Cj

- 0.2-0.3 pF at VR = 5 V for the Au/p+-n-In0 5 3 Ga 0 4 7 As/n+-InP Schottky diode

with the contact area of 3.0xl -6 cm2. This shows that our photodiodes were

well designed for high speed operation.

4.4.3. A.C. Admittance Measurement

The frequency-dependent a.c. admittance measurement [77] is commonly used

- to determine the circuit elements of a Schottky barrier diode; series resistance

(Rs), shunt resistance (Rp), and junction capacitance (Cj). From a plot of the

Im{Y(W)} vs. Re{Y(W)}, the series resistance of the diode can be determined.

" RS+ Rp/[I+(WRpCj) 2 1 '

21) C 2 ]31RS+ R)[+(WR/Cj)[} + {wR-2Cj/[I+(WRpC

WRp2 /[i+(WRpC.)2] -C i::::. 3
+ j(4.14)7

{R + R /[l+(wR Cj) 2]} 2 + {WRp2Cl/[l+(WRpCj)21 }2
s p pjp
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In the low frequency limit (w->0), Re{Y(w)} = l/(R s + R ) and in the high L2

frequency limit (w->oo), Re{Y(w)} = h/Rs . By measuring the frequency dependent

conductance and susceptance component of a Schottky barrier diode in the
frequency range of 20 to 575 MHz using a HP 4191A RF impedance analyzer, the,

series resistance and shunt resistance of the diode can be determined. The

junction capacitance can be calculated from the measured values; Z1  Rs +

Rp/l+(WRpCj)2] or = WRp2Cj/[l+(WRpCj)2 ] for a given frequency. ThisRp l(p Ci o 2= p Cj/[+ pj

allows accurate determination of the Rs, Rp, and Cj over a wide range of

frequency. From the plot of Im{Y(W)} vs. Re{Y(W)} is shown in Fig. 4.3., the

series resistance was found to be 11.8 ohm for p -n-In 0 5 3Ga0 . 4 7As Schottky

barrier photodiode. ,

4.4.4. Spectral Response Measurement

The spectral response was measured by using a Jarrell-Ash 82-410 quarter-

meter Monochromator. The input optical power was measured by using a Laser

Precision RL-3610 power meter with CTX-532 Chopper and RKP-360 detector probe. %

The power meter responds only to that radiation which is interrupted by the

chopper. Therefore, the effects of background signals and ambient temperature

variations can be eliminated. The responsivity of the photodetector is

determined by the average photocurrent divided by the average incident optical

power. Without AR coating, a quantum efficiency of 40.5 % between 1.3 to

1.65 um was obtained for the Au/p+-n-InGaAs/n+-InP Schottky photodiode.

4.4.5. Response Speed Measurement

The response speed was directly measured by impulse response technique 8..

using a sampling scope in time domain. This method requires an optical source ..

generating ultrashort pulses preferably shorter than the impulse response of

the photodiode. The impulse response of a photodiode to a laser pulse of 110 ps

FWHM (70 ps risetime) with a 10 KHz-pulse repetition rate at a wavelength of 820
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nm was measured by a Tektronix 7S-12 sampling scope with an S-4 sampling head of -

risetime of 25 ps (55 ps FWHM). The sampling scope introduces considerable

instrumental broadening to produce a pulse of a risetime of 25 ps (55 ps FWHM).

The schematic diagram for the impulse response measurement system is shown in ,"U "

Fig. 4.4. The response is mainly limited by the finite width of the laser pulse .

and the rise time of the sampling scope. The result shows that our

photodetector has a risetime of 180 ps and 0.9 ns FWHM as is shown in Fig.4.5. k-"

The measured RC time constant is around 0.56 ps. Therefore, further improvement

in the packaging of the detector is needed in order to obtain a true response

speed. Table 4.1. lists the physical parameters of InGaAs material. Table 4.2.

and Table 4.3. summarize the design parameters and the test results of the ".

p+-n-InGaAs/n+-InP Schottky barrier photodiodes. .

Table 4.1. Physical Parameters for InO.53Ga0 .4As

Energy-Gap Eg = 0.75 eV at 300 0 K
- - - -- - ---------------

Dielectric Constant Gs 12.0

l014 c 2

Mobility un l.x 4 cm 2 /Vsec
= 2.0xl0 cm /Vsec

Diffusion Constant Dn = 260 cm2/sec
Dp 5.2 cm /sec

Diffusion Length Ln = 2.28 um (p-InGaAs)
Lp = 0.32 um (n-InGaAs)

Effective Mass 0.041 mo
pl* 0.050 mo "

,49g= 0.490 mo  ,
p 0.500 mo

intrinsic Carrier ni = 7.1xl
I I cm-  * -.

Concentration

17 -3
Effective Density NC = 2.09xi1 cm
of States Nv = 8.90x101 8 cm- 3

~~~~~~- -- - - - - - - - 2 --.

Effective A* = 4.92 Acm 2 K- 2  (n-InGaAs)
Richardson Constant A = 61.9 A cm- K- 2 (p-InGaAs)

72

.. ... .o. - - . - . .. °, - . .
% , % •,.-.• . .. . .. ,. o. , . -, - .". - . " , . . °"% ° -°. . . . °°%"." ° ".. % % ° %"t



*%

*0 C

C)

U)U

c. E

1, 0 )

0.

r -- --- - -

0 .4-

0. C *4

L -- -- - - -0 j04

Co))

op.E

P Np



.'ww'

*- %.

0PW 0 UZR

% P

7 44

%%

% %



Table 4.2. Parameters for ptn+ O53 .7A/ + -n

High-Speed Schottky barrier Photodiode

Schottky Contact AU (100 ~
- - - - ---- - - -- - - -

Bonding Pad Cr/Au (60 R/1,000 R)

-+ - - - - - - - - - - --- -- -- - -- -- - -- -- -
p -In 0 . 5 3Ga 0 . 4 7 As 0.03 -1.5u 7 -
Surface Layer 5.5x10 - 9.0X101  cm~

n-In0 5 Gao 4 As 1.5x1 cm
Epilayer 1.5 -10

Growing Technique MBE
--- - ---- - ---- ---- --- - ---- -- -- ---

Substrate Sn dopyg n + nP
3.0x10 cm

Ohmic Contact on n-InP Au-Ge (88-12 %), 1,500 R

Alloy 400 0 C for 30 sec

Microstrip Line

Cr/Au Thickness 100-200 A /0002"
Output Impedance 50 ohm
Stripline Width 0.02425"
W/H Ratio 0.97
Effective Stripline
width 0.02478"

.... ~ ~ ~ ... . .

A % %



Tabe 43.Results for +-nn 0 5 3 Gag.4 7A/nt-InP
Table ~High-Speed Schottky Barrier Photodiode

Device Structure pt-n-InGaAs

Diameter (urn) 20 - 50
- - ---- - - --- ~

Photodiode Area (cm2) 2x10-5 -3x10-6

Epilayer Doping (cm-3) .01 15

Thickness (urn) 1.5 - 2.0

Dark 5 urrent Density 5.0x10-3

(A/cm ) at VR = 5 (V)0

Capacitance (pF)
at VR = 5 (V) 0.2 - 0.3 %-.

Series Resistance (ohm) 11.8

Quantum Efficiency ()40.5

Bandwidth (GHz) 12.9

RC time constant (ps) 1.77

Risetime (ps) 185

4.5. Summary and Conclusions

We report a novel metal/p+-n-InGaAs/nt-InP Schottky barrier photodetector .~

capable of detecting up to 13 GHz modulating optical signals at 1.30-1.65 urn

infrared regime. The results show that the intrinsic response speed for our

photodetectors with an active area (3x10-6 cm2) of 20 umn in diameter was '

estimated to be 13 GHz for a Au/p -n-In0 5 3 GaO. 4 7 As/n -InP Schottky barrier . *

photodiode based on the RC time calculated from the measured values of the total

capacitance (0.1-0.2 pF) and series resistance (5.3-11.8 ohm). The true response

speed can be turther improved by reducing the stray capacitance through

imnproving our packaging technique. >.
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CHAPTER~ FIVE -n
DEVLMM1I OF A HIGH-SPEED Au/p-InO 5gGao 47AO/P+-InP

SCHYnT BARRIE PHO7IWETBCTOR FOR 1.30=1. 5 M P ETE N "

5.1. Introduction

A high-speed photodetector operating in the infrared regime, especially

close to the dispersion minimum of optical fibers is of great interest for

lightwave communications. Until now, the photodetectors have been fabricated

mainly on GaAs using a Schottky barrier structure for 0.80 - 0.90 um and on

In0 5 3Ga0 4 7As using a p-i-n structure for 1.30 - 1.65 um. More recently we
.53 .47

have reported a Au/p-In0 5 3Ga0 4 7As/p +-InP Schottky barrier photodetector

[19,20], which is capable of demodulating the modulated optical signals at 1.30

- 1.55 um. Schottky barrier contacts on n-In0 5 3 Ga0 47 As yield very low barrier

height ( = 0.2-0.3 eV), which makes Schottky contacts too leaky to be useful

for photodetector applications. On the other hand, Schottky barrier contact on

a moderately doped p-In0 5 3 Gao 4 7 As epilayer is expected to produce good barrier

height when suitable metals and surface preparation are used. Schottky barrier .. "

structure on p-InGaAs has been demonstrated recently by Emeis et al. [18],

however, their structure seems too complex even though it has an advantage of

being suitable for monolithic integration.

In this chapter, we report the fabrication of a long wavelength high-speed

Au/p-In 0.5 3Ga0 .4 7As/p+-InP Schottky barrier photodetector for 1.30-1.65 um

infrared detection. This photodiode has been fabricated on p-In 0 .5 3Gao.4 7As 4-

epilayer using a mesa Schottky barrier structure on p +-InP substrate. The

photodiode has a reponsivity of 0.43 A/W at 1.3 um and a risetime of 85 ps. The

measured RC time constant for the photodiode with a 5C0-ohm load resistance is

found to be 34.7 ps.

a7'

%v.. .'... . . "." - - " "



5.2. Theoretical Analysis

The main considerations in the design of photodetectors are response speed

and responsivity. For high response speed, the photodetector requires a narrow %

depletion region for short transit time and a small area and wide depletion

region for low junction capacitance. Therefore, the thickness of a depletion

layer should be optimized.

5.2.1. Quantum Efficiency

The total photocurrent density consists of two main components coming from

el
the depletion region and the quasi-neutral base region. The photocurrent

density due to the photogenerated excess carriers in the depletion layer for an

incident monochromatic light is given by: 0 . !

J = qaTZ{l-exp(-aW)} (5.1)

The photocurrent density due to the electrons collected in the quasi-

neutral base region is given by [76,77]: .

%" . % C.%

Jn [qa4TLn/(a2Ln2 -I )]e-aW{aLn - [cosh(H'/Ln)

- eaH']/sinh(H'/Ln )} (5.2)

The total photocurrent density is obtained from Eq.(5.1) and Eq.(5.2).

Jph = qMT[l - e- aW] + [qaTLn/(a2Ln21)]e- aLn - [(cosh(H'/Ln) " "

- e- aH ]/sinh(H'I/L)} (5.3)n

where a is the absorption coefficient, 1 is the incident photon flux density, T

is the transmission coefficient in the metal film, H (=H'+ W) is the thickness

of the epilayer, and W is the depletion layer width. The quantum efficiency can

be obtained from Eq.(5.3), which i- given by:

78 .

%
'%_ ' ,,,% %" "" "• "°'%'"" % " " " ° "" % " " "" " " " " "" " """" " °""" " " ' " °" " " "" " , 'r " " "" -"" " "



aW/ 2 2 a-'T{l+e- /(a Ln2 1)[l-aLn (cosh(H'/Ln )-e-a ' )/sinh(H'/Ln)]} (5.4)

Note that Eq.(5.4) can be reduced to Garter's expression [74] of the

quantum efficiency when the device thickness is larger than the diffusion

length, i.e., H' >> Ln. For a single layer antireflection coating, the thickness

of the dielectric film can be obtained from the well-known quarter wavelength

formula given by [75,76]:

dl (Xo/4 nl)tan-1 [2nlks/(nl2-ns2-ks2)] (5.5)

where X is wavelength of incident light at peak intensity, n, is index of ,

refraction of the dielectric film, and ns is complex index of refraction of the

semiconductor. 0

5.2.2. Response Speed

The response speed of a photodetector is determined primarily by the

transit (drift) time in the depletion region, the diffusion time in the quasi- S

neutral base region, and the RC time constant required to discharge the junction

capacitance (Cj) through a combination of internal and external resistances.

The total risetime of a photodiode, which is defined as the time of response 0

from 10 % to 90 % of a pulse height, is essentially equal to the largest of the

three. To a good approximation, the total risetime can be expressed by:

tr = (ttr2  2 +tRC) 1  (5.6)

The carrier transit (drift) ti.me across the depletion region is given by

ttr = W/2.8 vs , where vs is the saturation drift velocity of the carriers. For

high mobility materials, the transit time is limited by the saturated drift

velocity. The carriers generated within the highly doped contact region or the -.

quasi-neutral region will result in a time delay of the carriers reaching the

drift region. The frequency response for diffusion time is given by tdiff ; .
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2nZ/(2.43 Dp) The RC time constant is given by tRC = (Rs + RL)Cj. The shunt
n p- 

resistance (Ri) is generally very high but is included to account for the %

relatively low leakage resistance of the photodiode. The series resistance

(Fs) i composed of the lead resistance, the spreading resistance in the base -

material, and the sheet resistance of the thin epilayer. The sheet resistance

term is the most important. This resistance is distributed, depending on the .

contact geometry, and is frequency dependent. Thus, the cutoff frequency is

given by

fc =  "5 t 5.7) z..

0.35/tr

5.2.3. Dark Current 1 S

For high mobility low doped (less than 1017 cm- 3 ) semiconductors the dark

current density can be described by thermionic-emission theory.

J A T exp(-q n/kT)[exp(qV/nkT) 1] (5.8) ".

Js[exp(qV/nkT) - 1] (5.9)..

s S

The quantum-mechanical tunneling through the barrier may modify the

ordinary thermionic-emission process. The current-voltage relation suitable

for thermionic-field emission due to tunneling of excited carriers, which do not

have sufficient energy for thermionic-emission, can be expressed by [69]:

J = J {exp(qV/kT) - exp[(n - I - 1)qV/kT]} (5.10)

When n equals unity Eq.(5.10) is reduced to Eq.(5.9). For n > 2, the -

Schottky contact conducts better under reverse bias because tunneling is the

dominant mechanism. At zero bias the depletion region of the Schottky barrier

is in thermal equilibrium and the rate of electron-hole pair generation is -

% % w
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balanced by the rate of recombination. In the presence of an applied voltage, 4'

there will be a net generation or recombination of carriers depending on the

polarity of the applied bias. The generation-recombination current Jg-r 4..

,' through the midgap traps in the depletion region is given by:

Jg-r = Jro[exp(qv/2kT) - i (5.11)
1]r r)

.where Jro qniW/2to and to = (t t )
I/ 2 is the minority carrier lifetime in the

.n p

depletion region. This current is added to the thermionic-emission current and

may cause deviation from ideal behavior (i.e., n = 1) in Schottky barrier

diodes. The recombination current is important in high barrier, in low lifetime

material, at low temperature, and at low forward bias voltage.

5.3. Device Fabrication

A high-speed Au/p-In 0.5 3Ga0 .4 7 As/p+-InP mesa Schottky barrier photodiode

has been fabricated using a lift-off process. The photodiode structure is

shown in Fig.5.1. The p-In0.53Ga0.4 7As epilayer was grown on p+-InP substrate

by liquid phase epitaxy (LPE) technique. The thickness of p-In0 5 3 Gao 4 7 As

epilayer is 2.0 um with a dopant density of 1.0-5.0x10 1 5 cm- 3. A 100 R gold film

was deposited onto the p-In0 .5 3 Ga. 4 7 As epilayer with a deposition rate of 2

R/sec at a pressure of 5.0x10- 7 Torr for a transparent Schottky contact and

Cr/Au (60/1,000 R) was deposited for the bonding pad. For ohmic contact to p+-

InP, Mn/Au (100/900 R) was deposited sequentially and alloyed at 460 °C for 30 el

sec in H2 -N 2 (5-95 %) forming gas ambient. For mesa etch, H2 SO4 :H2 02 :H2 = 3:1:1

was used for the In0 5 3 Ga0 . 4 7 As with an etch rate of 0.1 um/sec at T = 300 K.

For characterization, the photodiode was mounted on a 50-ohm microstrip

transmission line fabricated on the Cr-Au metallized alumina (AI203 ) through an

OSSM subminiature coaxial connector. The high-speed packaging, on which the
°..""4

photodiode is mounted is shown in Fig.5.2. S
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Fig. 5.1. Structure of p-inGaAs/p -InP Schottky Barrier Photodiode.
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5.4. Experimental Results and Discussion

5.4.1. Current-Voltage (I-V) Measurement

The current-voltage characteristics in Fig.5.3. show that the breakdown y.:.."

voltages for our devices are mostly around 5-8 V. The dark current was .". ..

measured by using HP 4140B pA meter controlled by HP 9845B computer. Figure

5.4. and 5.5. show the forward-biased and the reverse-biased current-voltage .

characteristics of a Au/p-InGaAs/p+-InP Schottky barrier photodiode.

5.4.2. Capacitance-Voltage (C-V) Measurement

The junction capacitance of the photodiode was measured by using HP 4280A "

C-Meter/C-V Plotter. The result shows that the total capacitance is Cj = 0.10-
+J

0.20 pF at VR = 5 V for the Au/p-In0 5 3Ga 0.4 7As/p+-InP Schottky diode with the

contact area of 3.0x10- 6 cm2 . Based on (1/C 2 ) vs. VR curve shown in Fig.5.6, , •

the Schottky barrier height was around 0.58 eV.

5.4.3. A.C. Admittance Measurement

From a plot of the Im{Y(W)} vs. Re{Y(W)}, the series resistance of the

diode can be determined.

Ysw Rp/[l+(wR pC) 2 ]Y (W ) -- - -- - -- - --- - -- - -

{RS+ R p/[l+(wR pC) 2]} 2 + {wRp2Cj/[I+(WRpCj)2]12

2 )2wR 2 Cj/[l+(wR C) I
+--------- (5.12) ~.

{R+ R /[l+(wR 2C 2 ] 2 + 2C )2 ]12
S p p{wR pC ./[l+(wR pC)

In the low frequency limit (w->O), Re{Y(w)} = 1/(R s + Rp) and in the highS p
frequency limit (w->oo), Re{Y(w)} = I/Rs. By measuring the frequency dependent

conductance and susce-tance component of a Schottky barrier diode in the 0

frequency range of 7 to 227 MHz by using a HP 4191A RF impedance analyzer, the

series resistance and shunt resistance of the diode can be determined. .
.,. .,. .

The junction capacitance can be calculated from the measured values; I S
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Au/p -In 0 5 Ga 0 4 As/p+ In P

Schottky Barrier Photodiode

-6 1: 20 pmn Diameter
10

S.2: 50 pm Diameter
3: 10 p Diameter 3~5

z 2 *.

w

< 11

w 
.P,

.~:10

S10

0.0 1.0 2.0 3.0 4.0 5.0

REVERSE -BIASED VOLTAGE VRV
R M

Fig. 5.5. Reverse-biased Dark Current of p-InGaAs/p +-InP Schottky
Barrier Photodiode.
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Z= Rs + R p/[+( WR P 3) or Z2 =WRpCj/[l+(WRp C)
2] for a given frequency.

This allows accurate determination of the Rs, Rp, and Cj over a wide range of

frequency. The series resistance was found to be 5.3 ohm for p-In0 . 5 3 Ga0 . 4 7 As

Schottky barrier photodiode from the plot of Im{Y(W)} vs. Re{Y(W)} in Fig. 5.7.

5.4.4. Spectral Response Measurement

The spectral response was measured by using a Jarrell-Ash 82-410 quarter-

meter Monochromator. The input optical power was measured by using a Laser

Precision RL-3610 power meter with CTX-532 Chopper and RKP-36C detector p obe.

The power meter responds only to that radiation which is interrupted by the

chopper. Therefore, the effects of background signals and anLient temperature

variations can be eliminated. The schematic diagiram for the spectral response

measurement system is shown in Fi,,. 55.

The responsivity of the pt,Dtoietec-tor is jeter nei [' L.e average

photocurrent div'ieo Ly t&e avera-,e i ent it I ozr. ,ithoot anti-

reflection -oatin,, tne pnctadix i:- t , eo, ...... :C. ., an: a

S..

efficiency. of 4 . a at . [. . t .d .1 trl, "  ' A -Zn a s 
'  

- n -..

.nt~~~ 1s : . c: se tesocse techn i ueS...

usin 3a saT'; i;, , ir t'e i.t' <ic-. "is :etod requires an optical source

c enerat~n4J l~t . , 't ;. -! t er it v s!icrter than the impulse response of

the pn otodiie. Ie is ivs& res tis2 -t i inot uo e t- a laser pulse of 110 ps

FWH.' 1?V ps riseti:rt e -e ' K, h-;_' se repetitio, rate at a wavelength of 827

nm was measured tly a Tektronix 7-12 saw{,iin- scope with an S-4 sampling head of

risetime : ps p s F.1iY. The response is mainly limited by the finite

width ot the laser j,;ise and the risetime of the samplina scope. The impulse

response is s iowr in i,.,h. and The r -ionse speed is mainly limited

OA r r .. * . .."* .."..
%5 % 'r " % 5' % .-. .*~.**.** . .. " . . .

JA '.F %.%
%.. . . . . . . . . . . . . . . . . .. .-.



0594 DEVELOPMENT OF R NIGH SPEED INUAS/IW SCHOTTKCY flIER va
UPNOTOCETECTCR FIL. -(U) FLURICA UNIV *INESVIU.E S S LI

AA. 07 RFW-TR-S7-03 F3UU-B1-C-Sfl

UCSSIFIED F/0l 2/6.1 ML

,SOEuN



L.11 140 111J2HillU on

-WII- -W _



rW~WM~~j,-?%FW VR ~g Y RRY-w~wy ~w w7-v-Vw~wwvw wwvwv-Lrw r- uw w- vv -

CD 4)I

0 E a) I
0E U) Et

1 L.

01

CI L

(n CL

U.~
4-I 4,

L y
L---------------------------.~ L ,0

00
U-_

41)

E

a))

CLL

U)U

0 00O 4

L 4 - co)

LL _J w U LL

C C; LE

91)

% o1



1.0

'U.

Ae:30 x 0cm 0
.4z 1.

W0.6

0.4

0.9 1.1 1.3 1.5 1.7

WAVELENGTH (pm)

Fi g. 5. 9. Quantum Efficiency of p-InGaAs/p -InP Schottky
Barrier Photodiode.
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by the finite width of the laser pulse and the risetime of the sampling scope.

The impulse response for the Au/p-In0 5 3Gao. 4 7 As/p+-InP Schottky barrier

photodiode is thus given by the risetime of 85 ps and FWHM of 490 ps. This

long tail might be due to (1) a time delay resulting from the carrier diffusion

in the undepleted epilayer, (2) a long pulse (i.e., 110 ps) of laser as an

optical source, (3) the use of a pulse laser with a wavelength of 0.82 urn

instead of 1.3 urn, and (4) package parasitics. However, the measured RC time -

contan fo aphoodide s RC =21t.(R5 + L)C =34.7 ps, which corresponds to

the cutoff frequency of 28.8 GHz. Therefore, the impulse response measurement V&

with a shorter pulse laser and further improvement in the package of the

photodetector are necessary to obtaint a true response speed for our photodiodes.

The design parameters and the experimental results of the photodetectors are

sumt~arized in Table 5.1. and Table 5.2., respectively.

Table 5.1. Parmters far Au/p-Ir~aAs/p'-InP
Schottky Barrier Photodiode ?.

Device Structure p-InGaAs/p+-InP

Schottky Contact Au (100 ~ .

Contact Diameter 20-50 um

Photodiode Area 2x10-5-3xl1 6 (2)

Bonding Pad Cr/Au (60/1,000 ~

Epitaxial Layer p-In0 .5 .3 a 47A
1.5 - 2.0 um~
1.0 - 5.0x10 1 5 cm-

Growing Technique LPE

Substrate Zn do p' PJnP
2. x10 cm

Ohmic Contact Mn/Au (100/900 ~

Alloy 460 0C for 30 sec
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Table 5. 2. Reauilta for Au/p-Ii~aAs/p -Inp
Schottky Barrier Ptotodiode

Device Structure p-InGaAs/p '-InP%

Diameter (urn) 20-50

Photodiode Area (cm2 ) 2xl10 5 -3x10-6

Epilayer Doping (cm 3 )1.0 .0-.x10 1 5

Thickness (urn) 1.5 - 2.0

2Dark Current Density (A/cm)
at VR = 1 (V) 2.5xl10 3

Capacitance (pF)
at VR = 5 Mv 0.1 - 0.2

Series Resistance (ohm) 5.3

Barrier Height 0.58

Quantum Efficiency ()40.8

Responsivity (A/W) 0.43

Risetime (ps) 85

RC Time Constant (ps) 34.7

Bandwidth (GHz) 28.8

5.5 Smary and Cnclusions

A new high-speed long wavelength Au/p-In0 5 3 GaO. 4 7 As/p -InP Schottky

barrier photodetector has been fabricated and characterized in this study. The

results show that the intrinsic response speed for our photodetectors with an

active areao x0 cm2 was estimated to be 28.8 GHz based on the measured RC

time constant (C = 0.15 pF and Rs = 5.3 ohm). Therefore, the response speed

of the photodiode can be further improved by reducing the Schottky contact area

for low junction capacitance and by optimizing the thickness and dopant density

of the InGaAs epilayer to achieve shorter transit time and lower junction

capacitance, and by minimizing the photodetector package parasitics.
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AND.

6.1. Stmry and Qcin

The objective of this research project is to develop a high-speed long

wavelength (1.30-1.55 um) photodetector capable of demodulating optical signals

greater than 20 GHz for millimeter-wave optical fiber links. For this purpose,

a novel high-speed In0 53Gao 47As Schottky barrier photodiode using Au/p+-n-

InGaAs /n+-InP and Au/p-InGaAs/p+-InP structure has been successfully developed ".. ..

in this research project. The Schottky barrier photodiode structure with a thin -[-.-%

transparent metal film was employed because of its many advantages including

simplicity of fabrication, reliability, low temperature process. .

The test results of our photodetectors have shown that a Au/p-InGaAs/p+-InP

Schottky barrier photodiode is very promising for high-frequency and high-speed ..- "

detector applications. However, a p+-n-InGaAs Schottky barrier photodiode needs -r.-

more study to obtain good reproducibility of the barrier height enhancement. -

The results show that our Au/p-InGaAs/p+-InP Schottky barrier photodiodes have a

responsivity of 0.43 A/W and a quantum efficiency of 40.5 % at 1.3 um without

anti-reflection coating. The impulse response measurement for the Au/p-

In0 53Gao.47As/p+-InP Schottky barrier photodiode shows a risetime of 85 ps and

an FWHM of 490 ps. ,

The response speed is mainly limited by the finite width of the laser pulse

and the risetime of the sampling scope. The observed long tail in the impulse "

response measurement might be due to (1) a time delay resulting from the I

carrier diffusion in the undepleted epilayer, (2) a long pulse (i.e., 110 ps) of

laser itself as an optical source, and (3) packaging parasitics. The RC time

constant for our p-InGaAs/p+-InP Schottky barrier photodetectors with an active

area of 3x10 - 6 cm2 is found to be 34.7 ps based on the measured values (i.e.,
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C =0.15 pF and Rs =5.3 ohm), which implies that the intrinsic response speed

for the photodetector is 28.8 GHz. Therefore, the response speed of our ,,.
photodetectors can be further improved by optimizing the device parameters and '~'

minimizing the packaging parasitics. We plan to focus our ef forts on two main ,

tasks which include fabrication of the InGaAs photodetectors on the semi-

insulating InP substrate and optimal design of the photodetector package to...

minimize the parasitics. 6.'

6.2. N mmnidatiom for FOow-up Researc

6.2.1. Packaging Optimization ..x.

Packaging optimization and interconnections are most important tasks for . .

high frequency devices because most reliability constraints are related to these 2

problems. The interconnection capacitance between a discrete photodetector and -'

amplifier contributes to an important fraction of the total receiver --

capacitance. To improve high-speed packaging technique, the microwave packaging 1

using coplanar waveguide (CPW) transmission line needs to be developed, which is"-

expected to greatly reduce degradation of response speed due to the packaging ....;

parasitics. CPW has an important advantage over microstrip transmission line in

that the signal conductors and the ground plane conductor share the same surface ...-

of the dielectric substrate [78,791. This waveguiding system offers convenient "°":-

incorporation of lumped devices and short circuits, which is more difficult in '"

microstrip line. This means circuit connections to ground can be made simply [[[;.

with short, low parasitic bond wire connections. [ .[

6.2.2. Development of High-speedl InO 53Ga0,4TAS Schottky Barrier Photode tector""""
on Semi-insulating InP Substr~te for Monolithic Integration.-.

The use of the semi-insulating substrate is important for high frequency.-- % j

applications because the parasitic capacitances associated with discrete devices :

and devices to ground plane can be minimized. The photodetectors on the semi-

insulating substrate are suitable for the monolithic optoelectronic
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integration. The monolithic optoelectronic integration [80,81] may have

advantages of a reduction in cost, an increase in functionality, and an

improvement in performance and reliability. Significant improvements in speed,

sensitivity, and noise can be obtained via monolithic integration by reducing

the package parasitics associated with discrete devices and test fixture. This

might be due to the elimination of bond wire connections, the use of semi-

insulating substrates where the bond pad is located on, and the improved package >•--."

and test fixture. In order to reduce a surface leakage current the mesa

structure of which the surface is covered with a dielectric passivation layer is

necessary for the proposed photodiode. The Schottky barrier contact with an

interdigitated structure will be desirable to increase a quantum efficiency.

6.2.3.Monolithic Integration of An Optical Receiver Module -:;:

With the advent of optical fiber communications the monolithic integration .;.'-

of optoelectronic devices and complex circuits on a single substrate provides -

the promise of improved performance and reliability, increased functionality,

economy of size and scale, and the resulting proliferation of the computer ,. .5

industry. The improvement in sensitivity obtained by the integrated p-i-n/FET .-.P

becomes more significant for high bit rates, and the p-i-n/FET may be an

alternative to an avalanche photodiode (APD) as a means of increasing receiver 5-

performance at very high bit rates. The optical receiver modules [82-84] have a

potential of improving receiver performance over that which can be obtained

using a hybrid photodetector/preamplifier. Therefore, a monolithically

integrated optical receiver which typically consists of a photodetector,

detector biasing circuit, and at least one stage of voltage gain is a promising

detector candidate for optical fiber communications.

I .°
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jkpp31IX A. Fabrication Prooedures of Iz~aMs SC110ttky Barrier PtKotodioCe

STEP PROGRESS DETAILED DESCRIPTION
I Clean and degreaso , TCE for 5 min. with ultrasonic agitation

wafer * ACETONE for 5mmn. with ultrasonic
agitation

*METHANOL for 5 min. with ultrasonic
agitation

2 Metallization for Ohmic *Deposit Au-Ge (88-1 2%) metal alloy for
Contact on Substrate contact to n+-tnP substrate at a deposit

rate of 2 A/sec and a pressure of 5.Oxio-7
Torr.

p+ -inGaAs *Deposit Au-Zn (84-16%) metai alloy or
n-In~a~sMn/Au sequentially (100 A/goo A) for

ohmic contact to p+-lnP substrate at a
rate of 2 A/sec and a pressure of

h+ -InP5.0x 0'7 Torr.
*Alloy Au-Ge ohmic contact at 400C

for 30 sec and Mn/Au ohmic contact
at 460*C for 30 sec

3 Deposit photoresist * Prebake at 150'C for 20 min, cool down 1 min
* Spin on positive PR at 4,500 rpm for 30 sec

ci -nGaAs (Shipley AZ-1470 positive PR) x~
n-InGaAs * Soitbake at 90'C for 15 min, align, and expose *

for 8-10 sec for positive PR
n* -lnP * Develop with Shipley developer for positive PR

(M F-35 101 Water = 1:5)

4 Open Window for *Develop with Shipley developer for positive PR
Schottky Barrier Contact (MF-351 :D.l. Water = 1.5), then pattern such

that the areas In which metal is desired are
not covered with photoresist

5 Metallization *Clean wafer with TCE, Acetone,
Methanol under ultrasonic agitation i

p *i~a~grinse with D.I. Water, and etch just
prior to metallization. -,

________________ Deposit metal with E-beam evaporation
at a pressure of less than 1076 Torr.

n InP
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6 Lift-Off 'Lift-off the unwanted metal with photoresist
having the metal contact in the desired area
by stipping. *

p* -lnGaAS
n-InGaAs

n* -lnP

7 Strip Photoresist Strip the Photoresist in acetone, which does
not attack the metal film, with ultrasonic
agitation. Then the unwanted metal comes"
off with the photoresist having the metal
contact in the desired area.

8 Deposit photoresist *Prebake at 150C for 20 min., cool
down 1 min. U-

P R Spin on positive PR at 4,500 rpm for 30 sec
F;7A (Shipley AZ-1470 positive PR)
In~a~s Soltbake at 90C for 15 min., align, and

_______________ expose for 8-10 sec for positive PR
*Develop with Shipley developer for positive

n* InpPR (MF-351 :D.l. Water=1 :5)

9 Open Winow *Develop with Shipley developer for positive
for Bondpad PR (MF.351 :D.l. Water=1 :5), then pattern

I PR such that the areas in which metal is
rRI M rRdesired are not covered with photoresist. ... ,

ri** -U
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10 Metallization Clean wafer with TCE, Aceton, Methanol under
ultrasonic agitation, rinse with DIl water, and
etch just prior to metallization. *

7P RV U P Deposit metal with E-beam evaporation at a
p+-naspressure of less than 1O,6Torr 4

n+ -I

11 Lift-Off * Lift-off the unwanted metal with photoresist
having the metal contact in the desired area
by stripping.

p+ -InGaAs x'~d.

n-InGaAs
A4. ?N

n"* -InP

12 Strip Photoresist * Strip the photoresist in acetone, which does not
attack the metal film, with ultrasonic agitation.
Then the unwanted metal comes off with the
photoresist having the metal contact in the
desired area. P.

n -InP
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APPUI)IX B. Ciraiit Simillation for determdiin Response Speed

The SLICE simulation of the photodiode equivalent circuit model yields the

frequency response for the InGaAs Schottky barrier photodiode. Te3d ,'~

frequency of the proposed photodiodes is found to be at 12 GHz for a Au/p+-n-

InGaAs/n -InP structure in Fig.B.l and 25 GHz for a Au/p'-InGaAs/p -InP structure l*J'.

in Fig.B.2. These results are consistent with the estimated values by the -

measured RC time constant. Thus, the proposed InGaAs Schottky barrier

photodiodes are capable of detecting the optical signals up to around 20 GHz

range. The equivalent circuit of the photodiode is shown below. The measured

value of the circuit elements are given as following:

Cd = 0.1 -0.2 pF R 5.3 -11.8 ohm N

L = 0.5 nH 0.04 pF

RL=50 hm Ri 1l00 Mohm

R ~L b

I ph RC d l C I R L

.N

% %''
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2o*LOGI CVC3)) :P

Y1 19.OOOE+CO 27.OOOE+O 35.OOOE+CO

1.OOOE+09 3.395E+O1 ....- '-
1.259E+09 3.393E+01 .... 1 .

1.585E+09 3.391E+01 .... 1 .
1.995E+09 3.386E+01 .... 1 -
2.512E+09 39380E+C1 .... 1 •
3.162E+09 3.369E+G1 .1.. i •
3.981E+09 3.353E+01 . . • • 1 .

5.012E+09 3.329E+01 .... 1 .
6.310E+09 3.293E+01 .... 1 .
7,943E+09 3.242E+01 . . . 1 .
1.OOOE lO 3.172E+01 . . , 1 .

1.259E+10 3.078E+01 .. ..--1.-
1.585E+10 2.962E+01 . . 1.
1o995E+10 2.824E+01 . . . 1 • .
2.512E+10 2.666E 01 a 1..
3,162E+10 2.492E+01 01 .
3,981E+10 2.305E+01 . 1 • • "
5.012E+10 2.106E+01 1 . " "

Fig. B.1. Cutoff Frequency of p+-n-I~nGaAs/n+-InP Schottky Barrier Photodiode.
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20*LOGIOCVC3)) :P ","i

Y1 26. OOO E+C O 30.•OC OE+CO 34. OOCE+CO0 -"

1.0002409 3.397E+01 , .. 1 --.
1.259E+09 3.3972+01 1... 1 --- --.

I1.585E+09 3.396E+01 .. '"-
.995E09 3.395E+01 ....

2. 51Z£-+09 3.394E+01 .1

3.162E+09 3.391E+01 .... 1
3.981E+09 3.38E+01 .. I..'
5.01 2E+09 3.381E+01 .a 1.'
6.31E+09 3.371E+01 a 1
7.943E+09 3.356E+01 ... 1'
1.55E5+l0 3.333E+01 . 1 ,
1.259Z410 3.299E+01 .... 1

1 o585E+1 0 3.250E+01 a I . ,,,
I1.995ElO0 3,180E+Cl a a a I".
2.512E09 3.08E+01 . .
3.162E+10 2.970E+01 • 1 .
3.981E+10 2.826E+01 .. . . a.
5.01 ZE+l0 2.657E+1 . 1 . . .

6.31C+09 33712+111217 F9 09g. .. uofFeun op-nS h d.

. . ..59. ....0.-3.2. .9...:......::: .1
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APEIx C. General Model for Schottky Barrier Height

The barrier height of metal-semiconductor system is determined by both the [ .

metal work function and the interface traps. The general expression of the .:

barrier height can be obtained on the basis of the following assumptions: (1) """

The metal and the semiconductor are assumed to be separated by a thin insulating '".

interfacial layer of atomic dimensions which is transparent to electrons and can•.,.

withstand potential across it, (2) the interface traps per unit area per " .

electron volt at the interface are properties of the semiconductor surface and .,2

'. -o"

are independent of the metal...-

Designating the oxide charge Qox = -qNox in the region of oxide close to;,'.

the oxide-semiconductor interface, the charge neutrality condition of the system -..

can be written as..-.

QM + Qsc + Qit + Qox 0 (C.1)

Qox = Qf + Qm + Qot (C. 2 ) ",.

where QM is surface charge on metal, Qsc space charge in the depletion layer of

semiconductor, Qit interface trap charge, Qox oxide charge, Qf is oxide fixed i:

charge, Qm mobile ionic charge, and Qot oxide trapped charge.-"-

Qsc = {2qCsND(tBn -Vn +At- (kT/q)} I / 2  (C.3) -. _

Qit = -qDit {exp ((Eg  WO q C*-qBn )/Es ) -exp((Eg - qo -qfn)/Es )} )'

(C.4).

QM = -[{2qCsND(IBn -Vn)}i1/2_ qDitEsfexp((Eg - qqo .

-gl~n)/Es) - exp((Eg - gjo qf ) / Es ) ) + qNfj (C.5)-,

D tlE) =Dit~exp[(E - qo)/Es] + exp[-(E -qf~o)/Es]} (C.6).--...
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The potential drop across the interfacial layer can be obtained by the

application of Gauss's law.

A=- (IMl;(C. 7)

wheree is the permittivity of the interfacial layer and d is its thickness.

Again Eq.(C.7) can be expressed as

§m X %n (C.8)

Introducing the quantities, ~A

C1  2qCsNr~d2/,ei2  (C.9)

C2 = e/(e1 + q dD.t) (C. 10)

then the barrier height can be expressed as [11

§Bn AC(m _X) + (lNC 2)tfn - (l-C2 )Nox/qDit I + [C2 Cl/2

- C2 
3/2{C1(fj X) + (lC 2)4fnCl/C2 -(l-C 2 )N0xC,/qDitC2  6

- C(n+ (kT/q))/C2  2 c~ 12/}/](.

For ND < 101 cm3 , the terms within the second bracket can be neglected, and

Eq.(C.1l) can be reduced to the following expression.

%~n =C 2 (§m -X) + (l-C2)tfn -lc 2)Nox/qDit -,d (C.12)

where So represents the position of -the neutral level for the interface traps i7-z-

f rom the top of the valence band. Here eiis the permittivity (=Coer) and A is

the thickness of the interfacial layer. Dt is the density of the interface
it .

traps per unit area per electron volt. The two limiting cases considered 0

previously can be obtained from Eq.(C.12).
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The two limiting cases can be obtained as follows: is

(1) Mott Limit (Dt ->0, C2 -> 1, and Bfn -> Vn) ""''".

v tn = - sa (c.13) ...T f

which is the barrier height for an ideal Schottky barrier contact where surface c-re t

state effects are neglected. Note that this expression is identical to the

ideal Schottky barrier except for the barrier lowering term. -.''

(2) Bardeen Limit (Dit -> oo, C2 -> 0, and fn -> Eg/q so)  "a

Bn = (Eg/q - o) - (C.14) . ;,

The Fermi level at the interface is pinned by the interface traps at the value

qo above the valence band. The barrier height is independent of the metal work v

function and determined entirely by the surface properties of the semiconductor.

Amm3)IX D. Sdhottky Barrier Beight Wmxoeent

The Schottky barrier height enhancement can be obtained by depositing a

very thin p+-InGaAs surface layer on an n-InGaAs epilayer. The effective 4.<

% .. .

p+-InGaAs surface layer provided the dopant density and the thickness of the

surface layer are selected to an optimum value and the surface layer is fully..-',"

depleted at thermal equilibrium. We consider an abrupt p-n structure with a p- .

region width of Wp, which is considered variable as long as the p-region is not. ..

tOO large, this region will be totally depleted at thermal equilibrium. It • "

should be noted that if the p-region becomes sufficiently large, the structure

becomes a p-type Schottky barrier with a p-n junction in series and then the p- -

region is approximately neutral. . .

Let W n be the width over the depletion region which extends into the n-

InGaAs epilayer and let x = 0 at the metal contact. In the depletion *-.

approximation, the Poisson's equations are given by: ....'

4

.... . .. .. .. . . ". * . . . . . .. . . .."." " ' .* " " ". -. , "" - "' - ' " ' "

',>,,,' " " ".",_ " "" "V* ""VV ."v " "" ' "" °' "  '-"" " "" -4'"",'"" """.."""..," ---. ," -""."" -_.. 4 v-..¢.,
;d- # :4, -:, .:4 r , - .4 , . , =,., :,'., -'., -'. '....,.,* ;, -.r d, .. .- ,. .4.. . .



2 = N/ee for 0 < x < W (D.1) % %
d9,dx eA'or p

d2/dx2 - -qN2/eoer  for W < x < W + W (D.2)

The boundary conditions are given by:

(0) = 0 and M(Wp + Wn )  §m - On V (D.3)

V(x) and d(x)/dx are continuous at x = (D.4)

d§(x)/dx = q(NDWn - NAWp)/ Ver at x 0 and

dI(x)/dx = 0 at x =Wp + Wn  (D.5)

The solutions for M(x) are given by:

x2_Xp " -.
(x) = (qNA/eo )[(i/2)x xWp] + (qNA/Eoer)xW n  for 0 <x< Wp (D.6)

2S§(x) = - (qND/eC r )[(1/2)x
2-x(Wp+Wn )]

q(NA+ND q 2/2e e for < x < (D.7)

The width of the n region follows from the boundary condition Eq.(D.4). -. .

- On - V = qND(Wp+Wn) /2eoer q(NA + ND)Wp
2/2eoer (D.8)

If NDWn < NAWP, the potential energy maximum is located inside the p+

region. The potential energy will be 9VBn at x = 0 and reach a maximum value at

X = xm, which can be obtained from the condition:

cq(x)/dx = 0 at x = xm, (D.9)

which gives

xm - (1/NA)(NAWp -NDWn) and Em = (q/eoer)(NAWp -NDWn) (D.10) "

..- . ') .
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The enhancement of the barrier height for a metal-p-n quasi-Schottky barrier

diode, OBn due to the p surface layer is obtained by substituting xm into I

Eq. (D. 6) .

=Bn 
= (q/2eoerNA)(NAWp - NDWn)2  (D.11)

2
= qNxm2/2eoer (D.12)

The effective barrier height 'Bn occurs at x = xm and is given by

qNx2/26e e(.3
'Bn * tBn + EmXm - qNAxm or(D.13)

For NA >> ND and NAWp >> NDWn Eq.(D.13) will be simplified "

1 'Bn = §Bn + qNAWp2/2eoer (B.14)

It can be shown that Eq.(D-14) holds only for 4 Bn VDND/NA. Note that NA

and ND denote the dopant density of the p+- and n-InGaAs layer, respectively.

W is the thickness of the p+-layer, and VD is the built-in potential of the p+-

n junction. The thickness and dopant density of the InGaAs layers are

determined subject to the condition given above. The effective barrier height --

will increase as the product NAWp increases. The barrier height for such a

photodetector can be tailored to its optimum value via properly selected

thickness and dopant density of the surface layer. The depletion layer width in

the n-epilayer can be calculated from Eq.(D.8) and is given by:

-W, + [ W 2 + (NA/N )Wp2 +2eoer(Im - 9n - V)/qND ]1/2 (D.15) -.

n =Xs + (kT/q)ln(Nc/ND) (D.16)

The effective barrier height 'Bn of a Schottky barrier diode can be

calculated from the following expression:
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VB I- V = (kT/q)ln(A*T
2/J) 

(D.17)'

C-V = VD + (kT/q)ln(NV/NA ) (D.18)

O'Bn = kTln(J/A*T) (D.19) 'V.

O'BnI - = hv - kT(J/A*T2 ) (D.20) .,

where A* (= 47tqm*k2/h3 ) is effective Richardson constant for thermionic- '-.

emission, neglecting the effects of optical phonon scattering, quantum

mechanical reflection, and tunneling of carriers at the metal-semiconductor

interface and Js is the reverse saturation current density.

APPE)IX E. Schottky Barrier and Ohmic Omtact Formtion

1. The starting material is p-In0 . 5 3Ga 0 . 4 7 As or n-Ino. 5 3Ga. 4 7 As material

grown on InP substrate. Clean and degrease wafer with TCE, aceton,

methanol, and D.I. water followed by blowing dry with N2.

2. Deposit metal by e-beam evaporation at a pressure of less than 10-6 Torr.

The Au-Ge or Au-Ge/Ni alloy can be used for ohmic contact to n-type III-V .,

compound semiconductors. The Au-Ge ohmic contact is usually formed by

evaporating a eutectic composition of Au-Ge (88-12 %) alloy (1500 ) ""

followed by a thin layer of Ni (400 R). For p-type ohmic contact, a Au-Mg ..,..

or Au-Zn (90-10 %) alloy (1500 JR) corresponding to the stoichiometric

composition of Au3Zn can be used. The adhesion to InP with Au-Zn alloy is ....

much better than with Zn and Au sequentially deposited. For Au-Zn alloy,

it is better to evaporate micro-foil Cr (50 R) first for good adhesion, and

then evaporate Au-Zn (1500 R) and Au (500 R) sequentially.

3. Alloy the contact in H2-N2 forming gas ambient at 4500 C for 2 min (p-type)

and 4000 C for 2 min (n-type). For heat-treatment above the Au-Ge eutectic

temperature (Teu = 3600 C), ohmic contact behavior is observed and uniform " .
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alloyed contact surface is formed due to the presence of Ni at the

semiconductor interface. The most commonly used method of heat treatment of

metal-semiconductor systems is alloying furnace in H2-N2 forming gas. Note

that during the process of contact alloying the dopant diff uses into the .. %

semiconductor and produces a modified region of high doping concentration

at the metal-semiconductor interface resulting in low resistance contact

formation.

4. Clean and degrease wafer with TCE, aceton, methanol, and D.I. water -

followed by blowing dry with N2.

5. Prebake wafer at 1500 C for 20 min, cool it down for 1 min, and spin on

positive photoresist (Shipley AZ-1470) at 4,500 rpm for 40 sec. The wafers

should always be blown dry with N2 just before spinning on the photoresist

to remove any dust particles that may be on the surface. After spinning,

any excess photoresist on the back of the wafer must be cleaned off with

a stopper.

6. Softbake wafer at 950C for 15 min, align, and expose with UV light for 15-

20 sec to a contact mask. Then develop with a Shipley developer (MF

351:D.I. water = 1:5) for 40 sec.
7. Perform sputter-etching or chemical etching before metal deposition.

Chemical etching can be done by dipping the InGaAs wafer in etch

(NH4OH:H 202 :H20 = 20:7:975) and stop solution (NH4OH:H 20 = 10:150) or BHF

(HF:H20 = 1:5) solution for 30 sec to remove native oxides from surface of -

the contact area. The surface should be prepared with the minimum amount

of oxide and contamination to leave it smooth and stoichiometric. 7

8. Deposit a Schottky metal (e.g., Al, Au, or Ti) by e-beam evaporation at a

pressure of less than 10- 6 Torr and anneal wafer at 3200 C in a N forming

gas ambient for 2-15 min.
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APPEIX F. Lift-Off Pt.olithography

1. Clean and degrease wafer with TCE, aceton, methanol, and D.I. water

followed by blowing dry with N2. .

2. Prebake wafer at 150 0 C for 20 min, cool it down for 1 min, and spin on a

positive photoresist (Shipley AZ-1470) at 4,500 rpm for 40 sec. Softbake

wafer at 95 0C for 15 min, align, and expose with UV light to a contact mask

for 15-20 sec. Then develop with a Shipley developer (MF-351:D.I. water =

1:5) for a positive photoresist. After developing the pattern a hardbake

is not necessary for the lift-off process.

3. Spin on a positive photoresist before metalization, pattern such that the

areas in which metal is desired are not covered with photoresist, and

deposit Schottky metal by e-beam evaporation.

4. Strip the photoresist in acetone, which does not attack the metal film,

with ultrasonic agitation. Then the unwanted metal comes off with the

photoresist having the metal contact in the desired area. The success of

the lift-off technique requires the use of a relatively thick photoresist

film so that the deposited metal film is very thin or even discontinuous at

the sides of the step

APPDiIX G. Chemical Etdi

Mesa Etch "

1. For In0 5 3 Gao 4 7 As material, the mesa etch solution (1)

H2 S04 :H2 02 :H2 0=3::I with etch rate 1.0 um/10 sec at T = 3000 K for InGaAs

(2) 1.0 -1.5 % Bromine-Methanol (Br-CH3OH) etch (3) H3 PO4:H202:H2 0=1:1:8 .

2. For InP, HCl can be used for mesa etch with etch rate 10 um/min.

3. After etching rinse in H20 for at least 15 sec to remove any residual etch.

Gold Etch

1. Dip into KI:I 2 :H20=4:I:4 at 40
0C.
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2. Rinse with D.I. water for 5 minutes.

Chromium Etch ' , %* 
"

* % * %.,**

1. Dip into potassiunferricyanidel:3 with D.I. water at 400 C.

2. Rinse with D.I. water for 5 minutes.

Note: Chromium etch contains cyanide and should not be mixed with acids.

AhPPIX H. Sfwfme Pamivatian

1. The surface passivation can be obtained using Dupont PI 2555 (semiconductor

grade) polyimide diluted 1:1 with N-Methylpyrrolidone (NMP) solvent.

2. Prebake wafer at 2000 C for 30 min in N2 forming gas and immediately spin on

the polyimide at 3,000 rpm for 30 sec.

3. Prebake wafer at 120 0C for 30 min, cool it down for 1 min, and spin on

positive Photoresist (e.g., Shipley Az-1415 or 3000) at 4,500 rpm for 30

sec to pattern the polyimide.

4. Softbake wafer at 950C for 15 min, align, and expose for 25 sec. Polyimide p
is soluble in alkaline solution such as positive photoresist developer, and ,.*.. -

thus the polyimide can be patterned at the same time the photoresist is .

developed.

5. Plasma etch the wafer in an 02 plasma for I min using an RF power of 200 W

before the photoresist is removed. This removes organic residue and

produces a sharper profile in the polyimide.

6. After plasma etching strip the photoresist using Acetone and cure the

polyimide at 250 0 C for 1 hour.
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